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 A B S T R A C T

The direct electrochemical reduction of nitrogen offers a promising alternative to produce ammonia, an 
important chemical and potential energy carrier. While current research focuses on developing and improving 
catalysts for this reaction, studies evaluating the process and establishing catalyst performance targets remain 
limited. We performed a techno-economic analysis to evaluate the process based on the performance of the 
nitrogen reduction reaction catalyst. As a result, we identify catalyst performance targets: minimal performance 
levels as a combination of cell potential, Faraday efficiency, and current density required to reach cost parity 
with benchmark prices. The minimal catalyst performance levels are illustrated via curves that relate the 
required current density to the Faraday efficiency. For a competitive process, current densities and Faraday 
efficiencies above 100 mA cm-2 and 60%, respectively, are required. Although some catalyst development 
studies report sufficiently high Faraday efficiencies, the current densities are well below the required. Contrary 
to the literature’s emphasis on maximizing the Faraday efficiency, our results underscore the need for higher 
current densities at sufficiently high Faraday efficiencies. Although parameters such as electricity or benchmark 
prices change the absolute values of the required catalyst performance, the primary conclusions remain 
unchanged. This analysis provides clear guidance for future catalyst development.
1. Introduction

Ammonia is a crucial chemical [1,2] and has great potential as 
a future (sustainable) energy carrier [3]. Today, ammonia is mostly 
produced via the Haber–Bosch (HB) process from hydrogen and ni-
trogen [1]. Because hydrogen stems mostly from fossil fuels (steam 
methane reforming or coal gasification), ammonia production results 
in high greenhouse gas (GHG) emissions.

Different technologies for reducing GHG emissions in ammonia 
production are discussed in the literature. Conventional HB plants can 
be retrofitted with carbon capture units to reduce GHG emissions in 
hydrogen production [4]. However, retrofitting with carbon capture 
can result in lower but not zero GHG emissions and does not reduce 
the dependency on fossil fuels. Electrochemical technologies powered 
by (renewable) electricity can aid in overcoming this dependency on 
fossil fuels. Coupling water electrolysis for hydrogen production and 
HB reduces GHG emissions and the reliance on fossil fuels [3,4]. An 
emerging technology is the electrochemical nitrogen reduction reaction 
(NRR). Ammonia is produced in a single electrolyzer using water, 
nitrogen, and electricity [3–5]. An alternative electrochemical process 
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is the Li-mediated pathway with lithium nitrate as intermediate [4]. 
The Li-mediated pathway requires high cell potentials, which decreases 
energy efficiency [4,6]. All electrochemical processes emit zero GHG 
emissions during production when powered with renewable electricity 
and are independent of fossil fuels.

In this work, we focus on evaluating the NRR pathway. A theoretical 
advantage of the NRR process is its lower minimum energy demand 
compared to EHB. The equilibrium potential of water electrolysis is 
higher than that of the NRR reaction [7]. In the HB, first, hydrogen 
is formed, and then ammonia is synthesized in a highly exothermal 
reaction. However, the real energy demand of the NRR process is 
expected to be higher or in a similar range due to higher overpotentials 
in the electrochemical reaction [4]. Additional benefits of the NRR 
process include the potential for flexible operation with intermittent 
electricity sources, the requirement of only one reactor, and the oper-
ation at near-ambient pressures and temperatures. Therefore, the NRR 
process is a promising long-term candidate for (sustainable) ammonia 
production [4].
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In an NRR electrolyzer as considered here, three reactions take 
place. At the cathode, ammonia is formed via the NRR and the by-
product hydrogen via the competing hydrogen evolution reaction (HER)
[8]. At the anode, oxygen is formed via the oxygen evolution reaction 
to supply the required protons. While the anode side is similar to water 
electrolysis, the cathode side requires innovative catalysts to improve 
the reaction rate and to favor the NRR over the HER to improve the 
ammonia selectivity, also termed ‘‘Faraday efficiency’’.

Various reviews summarizing the effort in catalyst development are 
reported in the literature, including [5,7,9–15]. They conclude similar 
challenges in catalyst and process development. They state the low 
Faraday efficiency as the main challenge and attribute it to the com-
peting HER and the low catalytic activity of the NRR [5,9,10,14,15]. 
They give multiple reasons for the low activity. Nitrogen is a stable 
molecule with a triple bond, resulting in a low reactivity [13]. The 
low solubility of nitrogen in the aqueous electrolyte and mass transfer 
resistances reduces the nitrogen availability at the electrode and thus 
the reactivity [11]. The NRR is kinetically limited compared to the com-
peting HER because six electrons must be transferred in one reaction 
compared to two [7]. They state these challenges and conclude that 
considerable catalyst improvement is required, but they do not give 
concise targets for catalyst development in terms of required catalyst 
performances.

This gap can be addressed through a techno-economic analysis, 
which assesses the current state of catalyst development and establishes 
appropriate catalyst performance targets. Hochman et al. [16] com-
pared the production costs of ammonia across different technologies. 
They evaluated the NRR process assuming a high Faraday efficiency of 
95% and a low cell potential, which results in a low energy demand. 
Moreover, they directly transferred investment cost from water elec-
trolysis based on the cost per unit of current thus implying a similar 
reaction rate in the NRR as in water electrolysis. With these optimistic 
assumptions, the NRR process can be competitive with EHB. Fernandez 
and Hatzell [17] compared ammonia production via NRR with water 
electrolysis followed by electrochemical ammonia synthesis from hy-
drogen and nitrogen. They estimate investment costs by transferring 
projected costs for mass-produced automotive PEM fuel cells, resulting 
in low investment costs. A sensitivity analysis on various parameters 
indicated that investment costs have a minimal impact due to their 
already low initial values. By varying the design and performance 
parameters, they demonstrated that both approaches could compete 
with the HB process on a small scale due to the assumed low investment 
cost of the NRR process versus the higher investment cost of small-scale 
HB. Additionally, they calculated the feasible space in current density 
and Faraday efficiency to achieve cost parity with large-scale and 
small-scale ammonia production under their assumptions. Wang et al. 
[18] also evaluated ammonia production technologies by assuming 
values for reactivity, selectivity, and energy demand. Based on their 
assumptions, all processes resulted in similar production cost ranges, 
with NRR yielding the lowest.

The studies cited above investigated the ammonia production cost 
based on assumptions on the process performance. They assumed cat-
alyst performances considerably exceeding reported catalyst perfor-
mances, leading to overly favorable techno-economic outcomes. None 
of the studies put their assumptions regarding the catalyst perfor-
mance into perspective to the performances achieved in the literature. 
Further, they do not address the low TRL and possible scalability 
limitations. They calculated investment costs by directly transferring 
water electrolysis costs irrespective of differing reaction rates and 
system components. These limitations result in overly favorable techno-
economic outcomes which do not align with the current state of the 
process.

In the literature, cost calculations are conducted for different elec-
trochemical systems at low TRL. Kim et al. [19] estimated the invest-
ment cost of anion exchange membrane water electrolysis (AEM) from 
2 
PEM water electrolysis by keeping the system cost constant and replac-
ing the stack components. They scaled the PEM stack costs to AEM 
using material cost factors, assuming a similar set-up using different 
materials. In their study on electrochemical co-production, Na et al. 
[20] transferred PEM cost scaled with the applied catalysts. Moreno-
Gonzalez et al. [21] estimated the investment cost of electrochemical 
CO2 reduction by transferring cost from water electrolysis, exchanging 
cost for the electrodes, and adding cost for the GDE. Other works 
such as [22–24] directly transferred cost data from water electrolysis 
without accounting for differences in technologies. We calculated in-
vestment costs by extending the method from Moreno-Gonzalez et al. 
[21] by transferring the water electrolysis cost and exchanging and 
adding the required stack and system components.

The contribution of this work is to establish appropriate perfor-
mance targets for NRR catalyst development to achieve cost parity 
with conventional and green ammonia production technologies. To 
do so, we investigated the influence of the NRR catalyst performance 
on both process efficiency and economics. We conducted a techno-
economic study for a mid-site NRR process (nominal power of 100MW) 
based on the performance characteristics of the NRR catalyst. Unlike 
previous techno-economic studies, which focused on specific operating 
points with defined catalyst performance, we calculated the required 
catalyst performance to achieve cost parity with benchmark prices. This 
approach allowed us to identify the feasible space for an economi-
cally viable process and to set clear performance targets for catalyst 
development. We investigated the catalyst performance parameters 
cell potential, Faraday efficiency, and current density. Building on 
this analysis, we critically reviewed the current state of catalyst de-
velopment to put it into perspective by evaluating the performance 
improvement required to reach cost parity with benchmark prices. 
Through this methodology, we showed that multiple combinations 
of catalyst performance parameters can yield an equivalent process 
performance. Suitable performance targets for catalyst development are 
not one operating point but a feasible parameter space.

Process modeling and techno-economic analyses at low TRL are 
established tools for assessing a technology’s current state and guiding 
R&D. Exemplarily, Mitsos et al. [25] assessed how catalysts should be 
improved in man-portable power generation devices. Jouny et al. [26] 
derived performance targets for the cell voltage and Faraday efficiency 
for CO2 electrolysis to different products at a defined current density, 
and Cruellas et al. [27] identified yield targets for oxidative methane 
coupling.

The rest of the article is structured as follows. In Section 2, we 
introduce the NRR process. Section 3 details the process model and the 
calculation of the minimal catalyst performance levels. In Section 4, we 
present these minimal catalyst performance levels and compare them 
to the catalyst performance achieved in the literature. We discuss the 
results and evaluate the improvements required for the NRR process in 
Section 5 and conclude the key findings and future work in Section 6.

2. Process description

We divide the NRR process into three stages: (i) upstream supply 
of the reactants, (ii) ammonia production in the electrolyzer, and (iii) 
downstream separation of ammonia, see Fig.  1. Nitrogen is supplied 
from an air separation unit, and de-ionized water is obtained from wa-
ter desalination. The electrolyzer is the core component of this process 
where nitrogen and water are converted to ammonia by consuming 
electrical energy. Downstream, ammonia is separated and purified from 
the unreacted reactants, the electrolyte, and by-products.

This subdivision into the three stages allows us to focus on the 
electrolyzer while disregarding the up- and downstream processes. This 
simplifies the analysis because the design and operation of up- and 
downstream processes depend on the catalyst performance and the 
operating conditions, which are unknown at the time of this investi-
gation. By focusing on the electrolyzer and disregarding the up- and 
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Fig. 1. Block diagram of the NRR process. Solid black lines represent material flow, dashed red lines electricity flow, and dotted blue lines heat flow.
Fig. 2. Sketch of an electrolyzer for the NRR process in alkaline conditions with a GDE as a cathode. Black lines represent material flow and red lines electricity flow. We assume 
that only hydroxide ions diffuse through the diaphragm.
downstream processes, we overestimate overall process performance 
and thus underestimate the minimal electrolyzer performance required 
for benchmark parity. A catalyst for a real process must perform better 
than the performance requirements derived in this work. However, 
the derived minimal performance yields a lower bound for catalyst 
development and is useful for putting recent progress into perspective 
to the minimal required performance.

The catalyst has a direct impact on the electrolyzer while up- and 
downstream processes are similar for all catalysts. The separation effort 
depends on the concentration of ammonia in the product stream, which 
itself depends on the operating conditions and the catalyst performance 
but not on the catalyst material. Similarly, the reactant demand will be 
independent of the catalyst material.

Process intensification methods, such as heat integration, can im-
prove the overall efficiency of electrochemical plants by utilizing ex-
cess heat from the electrolyzer to reduce the energy demand of up- 
and downstream processes (e.g., [28,29]). In the NRR process, the 
electrolyzer requires electricity and releases heat while the up- and 
downstream processes also require electricity and may require or re-
lease heat. Since no sub-process generates electricity, the electrolyzer 
efficiency cannot be improved by process intensification, and up- and 
downstream processes can only reduce the overall efficiency. The elec-
tricity demand of the process can only be similar or higher when 
considering up- and downstream processes, not lower.

Different electrolyzer concepts for the NRR process exist. The re-
action can take place in alkaline, neutral, or acidic conditions [8]. 
3 
Nitrogen is supplied with a gas diffusion electrode (GDE) to achieve a 
higher nitrogen availability at the electrode for enabling high reaction 
rates. Either a zero-gap or finite-gap membrane electrode assembly can 
be applied. Fig.  2 shows the layout of a finite gap electrochemical cell 
with a GDE for alkaline conditions as considered in this evaluation. 
The detailed electrolyzer concept or setup does not play a role at the 
considered level of detail and does not influence this evaluation because 
the main components are similar.

At the cathode, the NRR reaction forming ammonia takes place. In 
a competing reaction, hydrogen is formed in the hydrogen evolution 
reaction (HER). The HER is the only side reaction considered in this 
work. Experimental investigations showed that the generation of fur-
ther by-products such as hydrazine is negligible [13,30–32]. In alkaline 
conditions, the overall half-cell reactions of the NRR and HER are: 
NRR: N2 + 6H2O + 6 e− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 2NH3 + 6OH− 𝐸0 = −0.739V

HER: 2H2O + 2 e− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← H2 + 2OH− 𝐸0 = −0.828V.

 At the anode, oxygen is formed in the oxygen evolution reaction (OER) 
2H2O + O2 + 4 e− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 4OH− 𝐸0 = 0.401V

 by oxidizing hydroxide ions to water and oxygen and releasing elec-
trons.

Commercial catalysts from water electrolysis exist for the anode. For 
the cathode, novel catalysts favoring the NRR are required. Thus, the 
performance of the process will be determined by the NRR catalyst at 
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the cathode. A promising NRR catalyst has a high selectivity towards 
ammonia at high current densities and low cell potentials.

How a catalyst can be improved for the NRR is discussed elsewhere 
in detail, e.g., [11,13]. The Faraday efficiency can be improved by 
favoring nitrogen activation. By reducing the NRR overpotential, either 
the cell voltage can be reduced at a certain current density or the 
current density can be increased at a certain cell voltage.

3. Process model

We evaluate the influence of NRR catalyst performance on the over-
all process performance. In the following, we derive a model to estimate 
the energy demand and the required electrolyzer size for producing 
a certain amount of ammonia for an electrolyzer comparable to Fig. 
2. The model estimates the ammonia production cost based on the 
catalyst performance, specifically the achieved Faradaic efficiency at a 
certain current density and cell potential. Both investment (CAPEX) and 
operating cost (OPEX) are estimated to evaluate the total production 
cost.

As stated above, we focus on evaluating the electrolyzer and neglect 
the up- and downstream processes. In deriving the electrolyzer model 
and cost calculation, we assume

• a continuous operation
• a plant lifetime of 10 years with 8,000 h of operation per year
• constant prices for electricity and ammonia over the whole plant 
lifetime

• zero cost for reactants
• an electrolyzer nominal power of 100MW (mid-scale process)
• a uniform concentration along the electrode (lumped model, 
i.e., 0D)

• that mass transport overpotentials are included in the cell poten-
tial

• that the HER is the only side reaction
• that no shunt currents or other current losses occur
• a direct comparability between literature data and the calculated 
minimal performance

In Section 3.1 we introduce the process model for the electrolyzer. 
In Section 3.2 we explain the cost calculation for this novel process. 
Combining these, we derive the relationship between the production 
cost and the catalyst performance (i.e., the cell potential, current 
density, and Faraday efficiency) in Section 3.3.

3.1. NRR electrolyzer model

As aforementioned, the electrolyzer is modeled to calculate the 
ammonia production rate, the specific energy demand of ammonia 
production, and the electrolyzer size. The ammonia production rate is 
calculated with Faraday’s law as 

𝑚̇NH3 =
𝑗NH3𝐴Elec𝑀NH3

𝑧𝐹
(1)

with the ammonia current density 𝑗NH3 (current going into the NRR), 
the total electrode surface area 𝐴Elec, the molar mass of ammonia 
𝑀NH3, the number of electrons transferred to produce one molecule 
of ammonia 𝑧, and Faraday’s constant 𝐹 . The yearly production of 
ammonia is the production rate times the yearly operating hours 𝑡op,

𝑚NH3 = 𝑚̇NH3 ⋅ 𝑡op. (2)

The specific energy demand 𝑝El of the electrolyzer is calculated 
using

𝑝El =
𝑃El
𝑚̇NH3

=
𝑗tot𝐴Elec𝑈cell

𝑚̇NH3
.

depending on the cell potential 𝑈cell, the total current density 𝑗tot, 
the electrolyzer area 𝐴 , and the ammonia production rate 𝑚̇ . 
Elec NH3

4 
The current density is a measure of the reaction rate; higher current 
densities reflect higher reaction rates. With the Faraday efficiency 𝜂FE,

𝜂FE =
𝑗NH3
𝑗tot

,

a dependency between the ammonia current density and the total 
current density is introduced. The Faraday efficiency describes the 
share of current (density) for ammonia production. The remaining 
current ((1 − 𝜂FE) ⋅ 𝑗tot) is the current for hydrogen production from 
the side reaction and shunt currents. Shunt currents are current losses 
in real-world systems, e.g., due to the diffusion of products through the 
membrane or bypass currents following paths different from the elec-
trochemical reactions [33]. The magnitude of shunt currents depends 
on the electrolyzer setup and operating conditions and is not known 
at the current state of development. In our analyses—except for when 
the by-product hydrogen is sold—all current not going into ammonia 
synthesis is considered a current loss, and therefore distinguishing 
between HER and shunt current losses can be ignored.

We do not consider the formation of other by-products such as 
hydrazine. Experimental studies showed that the formation of these by-
products is negligible [13,30–32]. This might change with deviating 
operating conditions. However, this cannot be investigated without re-
liable experimental evidence. Thus, we ignore the formation of further 
by-products. Again, this is only of importance when the by-product 
hydrogen is sold. Otherwise, all current losses are considered together.

Concluding, the specific energy demand can be calculated as 

𝑝El =
𝑧𝐹

𝑀NH3

𝑈cell
𝜂FE

. (3)

The Faraday efficiency determines the number of electrons required 
to produce a certain amount of ammonia; the cell potential determines 
the energy required to transfer these electrons. The cell potential 
depends on the equilibrium potentials of the half-cell reactions and 
various overpotentials such as the activation overpotential of the NRR. 
As these potentials can vary depending on the operating conditions, 
the electrolyzer set-up, the current density, and the catalysts, we do 
not calculate them explicitly. We investigate the influence of the cell 
potential as a catalyst performance parameter by varying it in a rea-
sonable interval. Thus, we can independently study the effect of cell 
potential and current density.

We assume the cell potential to be constant over the lifetime of 
the plant and ignore variations in the overpotentials caused by catalyst 
degradation or temperature effects. Long-term experimental studies in 
pilot plants are required to capture these effects. Thus, the cell voltage 
can be understood as a mean value over the plant’s lifetime.

The electrolyzer model is 0D, i.e., we assume a uniform concentra-
tion along the electrode. This idealization gives the highest reaction 
rate possible and thus overestimates productivity. This overestimation 
yields an underestimation of the required catalyst performance. Thus, 
we identify minimal catalyst performance targets.

3.2. Levelized cost of ammonia

We calculate the levelized cost of ammonia LCOA depending on the 
catalyst performance to compare it with certain benchmark prices. The 
LCOA is the price at which ammonia must be sold such that the net 
present value at the end of the plant lifetime (usually 10 or 20 years) 
is zero. The LCOA is defined as 
LCOA =

CRF ⋅ CAPEX + OPEXO&M + OPEXEl
𝑚NH3

(4)

with the investment cost CAPEX, the cost of operation and maintenance 
OPEXO&M, the electricity cost OPEXEl, and the yearly produced amount 
of ammonia 𝑚NH3. The capital recovery factor CRF

CRF =
𝑖 (1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
is used to calculate the annualized cash flow from the initial investment 
depending on the length of the investment period 𝑁 and the interest 
rate 𝑖.
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3.2.1. Operating cost calculation
The electricity cost OPEXEl is calculated depending on the specific 

energy demand 𝑝El, the yearly ammonia production rate 𝑚NH3 and the 
electricity price 𝑐El using
OPEXEl = 𝑝El ⋅ 𝑚NH3 ⋅ 𝑐El.

Inserting Eq.  (3) yields the electricity cost depending on the cell poten-
tial and Faraday efficiency: 

OPEXEl =
𝑧𝐹

𝑀NH3

𝑈cell
𝜂FE

⋅ 𝑚NH3 ⋅ 𝑐El. (5)

The operation and maintenance cost is calculated as a fraction of 
the investment cost,
OPEXO&M = 𝑓O&M ⋅ CAPEX,

with the factor 𝑓O&M accounting for operation, maintenance, and in-
surance [34].

3.2.2. Capital investment cost estimation
In the absence of more accurate data, we estimate capital invest-

ment costs by transferring results from water electrolysis cost studies 
while considering technological differences. We follow a methodology 
similar to Moreno-Gonzalez et al. [21], who accounted for differences 
in the electrode material and assembly as well as costs associated with 
a GDE. We extend this methodology by not only accounting for a GDE 
but also for differing reaction rates and sizes of stack and system in the 
NRR and water electrolyzer.

There are various studies on capital investment cost calculation of 
water electrolysis in the literature. IRENA [35] identifies two main 
challenges in investment cost calculation of water electrolysis: (i) the 
availability of data and (ii) inconsistent boundaries in cost estimate 
studies (e.g. stack, system, or full plant). The results will depend on 
the selected reference study. We use the cost analysis by Holst et al. 
[36] as a reference study. They performed a bottom-up cost analysis of 
PEM and alkaline water electrolysis starting at the material level of the 
stack components and going up to the system level. They studied two 
different plant sizes (5MW and 100MW). Following this bottom-up ap-
proach, the system boundaries are defined and data for all components 
at all system scales is available. All relevant information for transferring 
the cost of the required components is available.

We use the cost of the alkaline water electrolyzer plant because 
this set-up is most similar to the NRR set-up (compare Fig.  2) for a 
nominal power of 100MW. The reported cost breakdown is given in 
in the supplementary information (SI) in Table S.5. Holst et al. [36] 
report the cost data in € kW−1. Thus, everything is scaled according 
to the electrolyzer’s nominal power. However, not everything will 
scale according to the nominal power when transferring to a different 
reaction system. A plant with the same nominal power but half the 
nominal current density will require similar power electronics but twice 
the electrolyzer cell area. Power electronic costs will be similar but cell 
and stack costs will be higher, which needs to be accounted for in the 
cost calculation.

When transferring the cost to the NRR case, we distinguish between 
components scaling with the nominal power and components scaling 
with the cell area. Components such as power electronics, balance of 
plant, or cooling are mainly determined by the nominal power and are 
scaled accordingly. Components such as the stack number, piping, or 
housing are determined by the required cell area and are scaled accord-
ingly. For the components scaling with the electrolyzer area, we calcu-
late the area-dependent cost (in €m−2) by multiplication with the nom-
inal power density considered in the reference cost analysis [36]. Table 
S.5 shows which component is scaled according to which variable. 
Following this, the investment cost CAPEX can be calculated as
CAPEX = 𝑐 ⋅ 𝐴 + 𝑐 ⋅ 𝑃 (6)
𝐴 Elec 𝑃 Elec

5 
Table 1
Cost factors for investment cost calculation.
 𝑐𝐴 4298.9 €m−2  
 𝑐𝑃 240.5 € kW−1 

with the area- and power-dependent cost factors 𝑐𝐴 and 𝑐𝑃 , respec-
tively, and the electrolyzer area 𝐴Elec, and the nominal power 𝑃Elec.

The area-dependent cost also includes a cost factor for the GDE of 
60$m−2 [21]. With this and the data from Table S.5, the cost factors 
conclude to Table  1.

This method allows us to estimate the capital investment costs for 
the NRR process while taking into account technology differences in 
terms of the required electrolyzer components and reaction rates. This 
approach is as thorough as possible and uses all available data. How-
ever, if the NRR catalyst is considerably more expensive or if additional 
components not considered here are required, the investment cost may 
be underestimated. When analyzing a specific catalyst, accurate catalyst 
costs or any additional components can be incorporated into the cost 
calculation.

3.3. Cost calculation based on catalyst performance

To recall, our goal is to calculate the ammonia production cost based 
on the performance of the cathode-side catalyst. At the cathode, the 
NRR takes place and ammonia is synthesized. We calculate the required 
catalyst performance to achieve ammonia production cost parity with 
different benchmark prices to assess the current state and potential 
progress and to derive future performance targets for experimental 
catalyst development.

The catalyst performance is evaluated based on the Faraday ef-
ficiency, cell potential, and current density—parameters commonly 
reported in catalyst studies. Although these parameters are physically 
interdependent, we evaluate them separately to define a feasible pa-
rameter space for economically viable catalysts in all three parameters. 
This feasible parameter space establishes the minimum performance 
requirements for NRR catalysts, thereby serving as a target for devel-
oping economically viable catalysts. Additionally, this framework can 
be used to compare reported catalysts and to put them into perspective 
to requirements for an economically viable process.

For a certain production rate, the current density multiplied by 
the Faraday efficiency directly determines the required electrolyzer 
area Eq.  (1) and thus the area-dependent investment cost Eq.  (6). The 
cell potential and Faraday efficiency determine the power demand 
Eq.  (3) and thus the electricity cost Eq.  (5) and the power-dependent 
investment cost Eq.  (6). The LCOA Eq.  (4) results to

LCOA = 𝑧𝐹
𝑀

⋅
1
𝜂FE

⋅
(

(CRF + 𝑓O&M)
𝑡op

⋅
1
𝑗tot

⋅ 𝑐𝐴

+
(

(CRF + 𝑓O&M)
𝑡op

⋅ 𝑐𝑃 + 𝑐El

)

⋅ 𝑈cell

)

(7)

depending on the catalyst parameter Faraday efficiency 𝜂FE, current 
density 𝑗tot, and cell voltage 𝑈cell. It is obvious that the Faraday 
efficiency and current density should be as high as possible and the 
cell voltage as low as possible. However, these parameters are interde-
pendent and it is unknown how well the catalyst must perform.

To determine how well the catalyst must perform, we calculate 
the catalyst performance required to reach cost parity with a certain 
benchmark rather than evaluating Eq.  (7) for a certain catalyst. We set 
the LCOA Eq.  (7) to a benchmark price 𝑐𝐵 ; reformulation yields Eq.  (8) 
to calculate the required current density at a given cell potential and 
Faraday efficiency: 

𝑗tot =
(CRF + 𝑓O&M) ⋅ 𝑐𝐴 ⋅ 𝑧𝐹

𝑀 ⋅ 1
𝑡op

𝜂FE ⋅ 𝑐𝐵 −
[

(CRF + 𝑓O&M) ⋅
1 ⋅ 𝑐𝑃 + 𝑐El

]

⋅ 𝑧𝐹 ⋅ 𝑈cell

. (8)
𝑡op 𝑀
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Fig. 3. Energy demand of NRR ammonia production at different cell potentials. The black curve shows the energy demand of ammonia production via water electrolysis and 
EHB [37,38].
We calculate the required catalyst performance in terms of the 
required current density 𝑗tot at a certain Faraday efficiency 𝜂FE and cell 
potential 𝑈cell. The parameter values used in the evaluation are given 
in the SI in Table S.6.

We compare the production cost of ammonia with the market 
price and projected values for green ammonia via the EHB process. 
Benchmarking green ammonia against fossil-based ammonia sets an 
unrealistically high standard, as the hydrogen source in HB is typically 
inexpensive coal or natural gas, both energy-dense fossil resources. 
Utilizing these sources leads to significant GHG emissions, which are 
not reflected in the cost calculations. Both EHB and NRR processes use 
water as a hydrogen source, requiring considerable electricity input. A 
comprehensive comparison between sustainable and fossil-based pro-
duction must take GHG emission costs into account; however, this falls 
outside the scope of our work and would involve policy discussions. 
To overcome this, we compare NRR production cost with the current 
ammonia market price, which includes the current policies, and with 
projected green ammonia costs, which include the current policies in 
the electricity price. Future policies will similarly influence EHB and 
NRR and, therefore, they will not significantly impact the comparison 
between the two technologies.

We ignore market dynamics such as fluctuations in electricity prices, 
ammonia prices, and feedstock availability. These market dynamics are 
out of the scope of this analysis. Further, they will have a similar impact 
on the NRR technology and the EHB benchmark and thus limited 
influence on the required catalyst performance.

4. Results and discussion

First, we present results on the energy demand of the NRR process 
and compare it with the EHB process in section Section 4.1. Second, 
we calculate the required catalyst performance for cost parity and 
compare it with catalyst data reported in the literature in Section 4.2. 
Finally, we perform a sensitivity analysis on assumed cost parameters, 
the influence of catalyst replacement, and estimate how selling the 
by-product hydrogen can affect process economics in Section 4.3.
6 
4.1. Energy demand of electrochemical ammonia production

We calculate the specific energy demand of NRR ammonia produc-
tion with Eq.  (3) as a function of the cell potential and the Faraday 
efficiency. As stated above, the current density does not influence the 
energy demand in this analysis because the cell potential is investigated 
as a performance parameter and we do not investigate the influence 
of the current density on the potential itself. We compare the specific 
energy demand with the EHB process which is expected to be in the 
range of 10.5 kWh kg−1NH3 to 11 kWh kg−1NH3 [37,38].

Fig.  3 shows the NRR energy demand plotted against the Faraday 
efficiency, the curves refer to constant cell potentials. The NRR energy 
demand is evaluated at four cell potentials: at equilibrium conditions 
(minimum energy demand) and between 2V to 3V, with the highest 
being the upper limit for the expected cell potential at industrial 
conditions [39]. The black line shows the EHB energy demand as a 
reference (which is independent of the Faraday efficiency).

Eq.  (3) shows that the energy demand scales linearly with the cell 
voltage and inversely with the Faraday efficiency (1∕𝜂FE). Thus, the 
NRR energy demand decreases with increasing Faraday efficiency and 
decreasing cell potential. The decrease in energy demand is steep at 
low Faraday efficiencies and eases out with higher. This shows that 
increasing the Faraday efficiency particularly influences the energy 
demand at low Faraday efficiencies. At higher Faraday efficiencies, less 
by-product is formed and a higher share of the electricity is used to 
produce the desired product.

An energy-efficient catalyst yields a high Faraday efficiency at low 
cell voltages. The influence of the catalyst on the cell voltage is limited. 
The catalyst only influences the NRR activation overpotential; the 
equilibrium potential and losses such as the anodic overpotential and 
ohmic losses cannot be reduced by catalyst development. The Faraday 
efficiency is determined by the catalyst and electrolyzer setup [11,13] 
and can be increased by catalyst development.

Comparing the NRR and EHB energy demand shows that the NRR’s 
energy demand is lower at cell potentials close to equilibrium and high 
Faraday efficiencies. At the equilibrium potential—the thermodynamic 
minimum at standard conditions—the energy demand is lower even 
at Faraday efficiencies below 60%. This shows the theoretically lower 
energy demand and potential of the NRR process. In contrast, at a cell 
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Fig. 4. Comparison of catalyst data reported in the literature (blue diamonds) and calculated cost parity curves. The blue curve shows the required current density to reach cost 
parity against the Faraday efficiency for a benchmark price of 𝑐𝐵 = 0.6€ kg−1NH3, the green curve for a benchmark price of 𝑐𝐵 = 1€ kg−1NH3. Both curves are calculated assuming a 
constant cell potential of 2.5V and an electricity price of 30€MWh−1. For an economically viable process, a catalyst must lie in the shaded regions on or above the curves.
potential of 𝑈cell = 2.0V the NRR’s energy demand is higher for all 
Faraday efficiencies lower than 90% and at a cell potential of 2.5V it 
is higher for all Faraday efficiencies.

Despite the theoretically lower energy demand, the actual feasible 
space with a lower energy demand is small. Because the equilibrium 
voltage of NRR—the minimum energy demand—is only 0.089V lower 
than that of water electrolysis, both water electrolysis and NRR will 
operate at similar cell voltages. Water electrolysis accounts for more 
than 90% of the energy demand in EHB. Therefore, there is a limited 
potential for the NRR technology from an energetic point of view. 
Faraday efficiencies lower than 90% and cell voltages above 2V will 
result in a higher energy demand of the NRR.

The EHB process requires upstream processes for providing pure 
water and nitrogen, water electrolysis to produce hydrogen, compres-
sion of hydrogen and nitrogen to reaction pressure, a two- or three-bed 
reactor for ammonia production, and an ammonia separation pro-
cess. The NRR process requires similar upstream processes, ammonia 
electrolysis, and ammonia separation (Fig.  1). Thus, the EHB process 
requires considerably more equipment compared to the NRR process. 
The NRR is a one-step reaction, promising a process intensification and 
consequently lower investment costs compared to the two-step EHB 
process. In the following, we calculate production costs and derive 
the NRR catalyst performance required to achieve cost parity with 
conventional and green ammonia benchmarks.

4.2. Catalyst performance required to reach production cost parity

We conduct an economic analysis to investigate the process eco-
nomics depending on the catalyst performance—specifically, Faraday 
efficiency, current density, and cell potential. Using Eq.  (8), we cal-
culate the catalyst performance required to achieve cost parity with 
a benchmark price. We assume a mid-size process with a nominal 
power of 100MW as a reference for the cost calculation. We vary the 
cell potential and Faraday efficiency to calculate the current density 
required for cost parity. This approach allows us to identify the feasible 
space for catalyst development for economically viable processes. We 
then compare these findings with catalyst data reported in the litera-
ture to assess the current state of the process and to define realistic 
performance targets for catalyst development.
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Fig.  4 compares the cost parity curves for a benchmark price of 
0.6€ kg−1NH3 (blue curve, assumed market price) and 1.0€ kg−1NH3 (green 
curve, expected green ammonia price) with catalyst data reported in 
the literature (dark blue diamonds, [40–125], collected and assigned 
as probably reliable results by [5], data given in the SI in Table S.7). 
The curves show the required current density, 𝑗tot, at a certain Faraday 
efficiency to reach cost parity for a cell potential of 2.5V (assumed to 
be constant). A catalyst for an economically viable process must lie in 
the shaded region on or above the curves. Thus, different combinations 
of Faraday efficiency and current density are possible and result in the 
same production cost.

The curves for the two benchmarks have an elbow shape, similar 
(but steeper) to the energy demand curves (Fig.  3). An economically 
viable process is not feasible below a minimal Faraday efficiency for 
both curves. Below this threshold, electricity costs are higher than the 
benchmark price. Above the minimal Faraday efficiency, the required 
current density reduces considerably until reaching the elbow point. 
Beyond this point, the required current density reduces only slightly 
until reaching the minimal current density at the highest Faraday 
efficiency (100%). The blue curve representing the lower benchmark 
price has been shifted to the upper right corner, making the gradual 
decline after the elbow less visible.

The feasible region for cost parity with the ammonia market price 
(blue curve) is small; high current densities and Faraday efficiencies 
must be achieved. For a given Faraday efficiency and cell potential, the 
power demand and thus the electricity cost and the power-dependent 
investment cost have a fixed value. The area-dependent investment cost 
is the only degree of freedom to achieve cost parity. It is calculated as 
the difference between benchmark price and power-dependent costs. 
Figure S.1 in th SI shows the evolution of the cost composition over the 
Faraday efficiency for the higher benchmark price and a more in-depth 
cost analysis is given in the SI in Section S.3. The power-dependent 
costs are higher than the benchmark price for low Faraday efficiency, 
resulting in a negative calculated area-dependent investment cost and 
thus a negative required current density, which is infeasible.

A higher benchmark price (green curve) does not change the power-
dependent cost since the energy demand is the same. However, the 
difference between the benchmark and the power-dependent cost and 
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Fig. 5. Influence of the cell potential and Faraday efficiency on the cost parity curves for a benchmark price of 𝑐𝐵 = 1.0€ kg−1NH3 and an electricity price of 30€MWh−1. The blue 
diamonds show reported catalyst data.
thus the area-dependent investment cost increases. Therefore, the area-
dependent investment cost becomes positive at lower Faraday effi-
ciency, increasing the feasible space for catalyst performance (Fig. 
4).

The reported catalyst performances are well below the cost parity 
curves for both benchmarks. While the analysis shows that some studies 
achieve sufficiently high Faraday efficiencies to compete with the 
green ammonia benchmark, considerable improvements in the current 
density are crucial. The magnitude of the difference in the achieved and 
required current density is visualized by plotting the cost parity curves 
alongside the catalyst data on a logarithmic 𝑦-axis (see Figure S.2 in 
the SI). Achieved current densities at relevant Faraday efficiencies are 
at least two to three orders of magnitude too low, highlighting the 
considerable challenges still facing catalyst development.

Achieving cost parity with the green ammonia benchmark appears 
more feasible than with the market price, as the viable region is 
considerably larger. The required current densities at intermediate to 
high Faraday efficiencies are lower than those found in industrially 
relevant processes, such as alkaline water electrolysis, demonstrating 
the theoretical potential for reaching cost parity.

The third catalyst performance parameter, the cell potential, was set 
to a constant value. Varying both the Faraday efficiency and the cell 
potential allows us to compare their influence on the required current 
density. Fig.  5 shows a 3D plot of the required current density as a 
function of cell potential and Faraday efficiency compared with re-
ported catalyst performance data. The cell potential data from catalyst 
studies was reported by Rezaie et al. [5] by adding the expected anode 
potential to the cathode potentials reported in catalyst studies.

The shape of the required current density surface is similar to the 
curves in Fig.  4. Increasing the Faraday efficiency beyond the minimal 
results in a sharp decrease in the required current density followed by 
a small decrease at high Faraday efficiencies. At a constant Faraday 
efficiency, reducing the cell potential reduces the required current 
density. This effect is more prominent at low Faraday efficiencies. At 
the equilibrium potential, the thermodynamic minimum voltage, the 
minimal Faraday efficiency is 25%; at the highest expected industrial 
8 
cell potential, the minimal Faraday efficiency is 60%. Above Faraday 
efficiencies of 70% to 80%, the cell potential has little influence on both 
the production cost and the required current density.

The cell potential is an important catalyst performance parameter 
at low and intermediate Faraday efficiencies. Here, the production 
costs are primarily driven by the electricity costs. The cell potential, 
and consequently the electricity demand, directly influence production 
costs and the required current density. However, at higher Faraday 
efficiencies, this influence diminishes.

Cost parity can be achieved for all investigated cell potentials. In 
contrast, cost parity is not feasible at low Faraday efficiencies or current 
densities. This shows that both the Faraday efficiency and the current 
density have a more significant impact on the production cost than 
maintaining a low cell potential. Achieving high current densities or 
Faraday efficiencies is more crucial than keeping the cell potential low.

Comparison with experimental data leads to similar conclusions to 
Fig.  4. The reported catalyst data is outside the feasible region: while 
some studies achieve sufficiently high Faraday efficiencies, the current 
densities are too low in all studies. Further, all studies operate at low 
cell potentials, the highest cell potential is at 2.3V. The findings above 
show that operating at higher cell potentials will be beneficial if it 
results in higher Faraday efficiencies and/or current densities.

Despite the recent progress, the achieved catalyst performance is 
too low for the NRR process to be competitive with the ammonia 
market price or green ammonia. Comparing the cost parity curves with 
the reported catalyst performance shows that improving the Faraday 
efficiency alone will be insufficient. Catalyst development research 
should not focus solely on improving the Faraday efficiency but rather 
shift towards achieving higher current densities while retaining suf-
ficiently high Faraday efficiencies. The current density and Faraday 
efficiency have a stronger influence on the production cost than the 
cell potential. While the catalyst’s influence on the cell voltage is 
limited to the NRR activation overpotential, catalyst development and 
electrochemical engineering can improve both the current density and 
Faraday efficiency.
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Fig. 6. Influence of the electricity price on the cost parity curves for a benchmark price of 𝑐𝐵 = 1.0€ kg−1NH3 and a cell potential of 2.5V.
4.3. Sensitivity analysis on the required catalyst performance

The analysis showed that considerable improvements in the current 
density are required for an economically viable process. Further, it 
showed the influence of the ammonia benchmark price on the feasible 
space for catalyst development. To further quantify the meaningfulness 
of the results we perform a sensitivity analysis on the cost parameters, 
the influence of catalyst replacement, and whether the by-product 
hydrogen can be sold.

4.3.1. Parameter influence
Some parameters in Eq.  (8) are uncertain and can influence the 

process economics. The electricity price depends on the location and 
future developments in policy and RE implementations. The capital 
investment cost parameters depend on future technology developments 
and are unknown due to the low TRL. We evaluate the parameter 
influence by varying one parameter at a time. The green curve in Fig. 
4 for cost parity with EHB for a cell potential of 2.5V and electricity 
cost of 30€MWh−1 is the baseline.

Fig.  6 shows the influence of the electricity price on the required 
catalyst performance. The energy demand analysis (Section 4.1) al-
ready showed the strong influence of Faraday efficiency on the energy 
demand, which can be seen here as well. Due to the higher energy 
demand, the electricity price influence is stronger at low Faraday 
efficiencies.

Increasing the electricity price shifts the curves to the up-right cor-
ner towards higher required current densities and Faraday efficiencies, 
and the feasible region decreases considerably. The shape of the curves, 
however, remains the same. At higher electricity prices as displayed 
here, the electricity costs alone exceed the benchmark price and thus 
the process will not be feasible independently of the catalyst. However, 
the energy demands of the EHB and NRR are similar (recall Fig.  3). 
Therefore, high electricity costs will similarly affect the benchmark 
price which is assumed to be constant in this analysis. Still, this 
analysis shows the importance of low electricity prices for the success 
of ammonia production from RE.

The curve for an electricity price of 0€MWh−1 represents the lowest 
bound for catalyst development. Such an electricity price will never be 
achieved for a long period. However, this curve shows the influence 
9 
of solely investment cost. Even low Faraday efficiencies can be eco-
nomically feasible. This curve gives the lower bound for the required 
current density towards ammonia. The minimal current density is about 
60mAcm−2, which is still considerably higher than current densities 
achieved in literature (see Fig.  4, Figure S.2 in the SI).

Comparing the curves for 0€MWh−1 and 30€MWh−1 shows the 
stronger influence of the electricity cost compared to the investment 
cost, especially at lower to medium Faraday efficiencies. Increasing the 
electricity cost has a huge influence on the required current density. 
This can also be seen in Figure S.1 which shows the investment and 
electricity cost against the Faraday efficiency for the base case. At low 
Faraday efficiencies, the electricity costs are higher than the benchmark 
price. At the minimal Faraday efficiency, the electricity cost is still con-
siderably higher than the investment cost. At high Faraday efficiencies, 
the required current density reduces, resulting in higher investment 
costs.

The investment cost for electrochemical processes can only be es-
timated with uncertainty since there is no experience from existing 
NRR projects or similar projects at low TRL. Therefore, we investigate 
the influence on CAPEX uncertainty by altering the area- and power-
dependent investment costs by +50% and −30%. Fig.  7 show this 
influences the cost parity curve.

The changes in the cost parity curves are comparably small com-
pared to changes in the electricity cost or cell potential. Therefore, the 
influence of uncertainty in the CAPEX is considerably small and it does 
not influence the outcomes of this study.

The analysis of the parameter influence on the cost parity curve 
showed considerable changes in the position of the curve and thus the 
size of the feasible region for catalyst development. However, the elbow 
shape of the curves remains consistent. The electricity price showed a 
great influence on the cost parity curve, it was altered in the highest 
range. A more in-depth analysis of the sensitivity analysis for four 
distinct points from the baseline curve (green curve in Fig.  4) is given 
in the SI in Section S.4.

While investment costs affect both the current density and Faraday 
efficiency, their overall influence is relatively minor compared to the 
benchmark price or electricity price. The key message remains the 
same throughout the sensitivity analysis: for this technology to be 
competitive, improving the ammonia current density while achieving 
a sufficiently high Faraday efficiency is decisive. Faraday efficiencies 
close to 100% are not required.
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Fig. 7. Influence of uncertainty in CAPEX calculation on the cost parity curve for a benchmark price of 𝑐𝐵 = 1.0€ kg−1NH3, a cell potential of 2.5V, and an electricity price of 
30€MWh−1.
4.3.2. Catalyst replacement
In our analyses above, we did not account for NRR catalyst re-

placement costs because the durability and thus the lifetime of the 
catalyst is unknown. To address this limitation, we evaluate the impact 
of catalyst replacement on the cost parity curve by considering catalyst 
replacement for catalyst lifetimes of one or multiple years. The catalyst 
replacement is considered by including the catalyst replacement cost in 
the LCOA calculation (see Section S.1 in the SI).

The influence of catalyst replacement for different catalyst lifetimes 
on the cost parity curve is shown in Fig.  8. We assume that the catalyst 
must be replaced at the end of the respective lifetime. The cost of 
catalyst replacement is assumed to be the cathode investment cost 
calculated from the cost Ref. [36].

Replacing the catalyst every year moves the cost parity curve to 
the top right corner; higher current densities and Faraday efficiencies 
are required. However, the influence on the cost parity curve is lower 
than the uncertainty in the investment cost parameters. The effect 
diminishes with longer catalyst lifetimes, and the cost parity curve 
changes only slightly for catalyst lifetimes of three years or more.

The effect of catalyst replacement is more pronounced if the cathode 
and the whole stack must be replaced at the end of the catalyst lifetime 
(SI, Figure S.4). The required current density for a catalyst lifetime of 
one year is twice as high as without replacement. The effect reduces 
with the catalyst’s lifetime, the required current density for a lifetime 
of two years is considerably lower.

This analysis shows the importance of catalyst durability. Catalyst 
replacement can have a considerable influence on the required perfor-
mance if the whole stack must be replaced. The effect is stronger for 
shorter lifetimes. The cost parity curve changes only slightly if only 
the cathode must be replaced and the catalyst lifetime is three years or 
longer.

4.3.3. Selling the by-product hydrogen
The analysis showed that production at Faraday efficiencies con-

siderably lower than 100% can be economically viable, resulting in 
considerable production of by-products. The main by-product is hy-
drogen from the HER competing with the NRR. Increasing the cell 
potential to increase the current density will probably affect the HER 
stronger than the NRR, resulting in higher hydrogen production [10]. 
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In the previous analysis, the potential of selling the produced hydrogen 
is neglected, which could significantly improve the process economics 
since the hydrogen production costs are already accounted for in the 
energy demand.

How selling the hydrogen is accounted for is detailed in the SI in 
Section S.2. Fig.  9 shows how selling the hydrogen at a price of 2€ kg−1
influences the cost parity curve. It is assumed that hydrogen is the only 
by-product and no shunt current occurs. Thus, the amount of hydrogen 
produced can be calculated from the Faraday efficiency. The separation 
effort for producing pure hydrogen is neglected.

We ignore the separation effort and select a rather conservative 
hydrogen price to give a first estimate of how selling hydrogen could 
improve the process efficiency. Exemplary methods for hydrogen sepa-
ration from gas streams containing ammonia and nitrogen are pressure 
swing adsorption [126] or membrane processes [127]. Operating and 
investment costs for these technologies will reduce the hydrogen profit 
but the price for green hydrogen is expected to be higher than the value 
assumed here. Thus, this analysis yields a first estimate of the impact 
of selling the by-product hydrogen.

Selling hydrogen significantly enlarges the feasible region to lower 
Faraday efficiencies, where a substantial amount of hydrogen is pro-
duced. The minimal Faraday efficiency is considerably lower, and the 
required current density at intermediate Faraday efficiencies is lower. 
At high Faraday efficiencies, the influence diminishes as only small 
quantities of hydrogen are produced relative to ammonia production, 
and the cost of purification at low hydrogen concentrations may out-
weigh the profit from sales. The minimal current density is unchanged 
at a Faraday efficiency of 100% (no hydrogen production).

Selling hydrogen can thus improve the performance at intermediate 
Faraday efficiencies and can enlarge the feasible region towards lower 
Faraday efficiencies. The overall picture remains the same. Compared 
to reported catalyst performances, considerable improvements in the 
current density and sufficiently high Faraday efficiencies are required. 
However, lower Faraday efficiencies can be sufficient if the hydrogen 
can be used or sold.

5. Discussion and implications for NRR catalyst development

This work aims to evaluate the current state of catalyst development 
and establish reasonable performance targets for future development, 
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Fig. 8. Influence of catalyst replacement for different catalyst lifetimes on the cost parity curve for a benchmark price of 𝑐𝐵 = 1.0€ kg−1NH3, a cell potential of 2.5V, and an electricity 
price of 30€MWh−1.
Fig. 9. Influence of selling the by-product hydrogen on the cost parity curve for a benchmark price of 𝑐𝐵 = 1.0€ kg−1NH3, a cell potential of 2.5V, and an electricity price of 
30€MWh−1.
rather than assessing how these targets can be achieved. Catalyst 
performance data reported in the literature is well below the minimal 
performance levels identified in this work. While some studies achieve 
sufficiently high Faraday efficiencies, the current densities remain at 
least two orders of magnitude too low (Fig.  4, Figure S.2 in the SI). 
These experimental studies primarily focused on demonstrating that 
specific materials function as NRR catalysts and on making minor 
improvements to individual catalysts. Our analysis showed that cat-
alyst development must achieve high current densities at sufficiently 
11 
high Faraday efficiencies rather than focusing on maximizing Faraday 
efficiencies. Reducing the cell potential is of minor importance.

Uncertainties in the parameter values of the electricity price and 
investment cost estimations altered the position of the cost parity 
curves but not the key message of the importance of the current density. 
Catalyst replacement has considerable influence if the whole stack must 
be replaced and the catalyst lifetime is low. Selling the by-product 
hydrogen enlarged the feasible region towards even lower Faraday 
efficiencies (Fig.  9). Selling hydrogen reduced the minimal Faraday 
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efficiency and the required current density at intermediate Faraday 
efficiencies. However, the minimal current density did not change.

Altering the cell potential—a catalyst performance parameter—
showed a low influence at high Faraday efficiencies on both required 
current density and Faraday efficiency. At lower Faraday efficiency, the 
influence is large. The energy demand is high and thus changes in the 
cell potential have a higher impact. Still, the current density and the 
Faraday efficiency have a greater impact on the catalyst performance 
and are therefore more important parameters. Improving them while 
also slightly increasing the cell potential will be beneficial for the 
process performance.

Recent studies state that the Faraday efficiency and thus the com-
peting HER is the major challenge in developing the NRR (e.g., [5,9,
10,14,15]). We showed that catalyst research on increasing the current 
density while achieving sufficiently high Faraday efficiencies is crucial 
for taking the NRR process forward. We emphasize that both the current 
density and Faraday efficiency, rather than Faraday efficiency alone, 
are key factors for improving the process.

We investigated the individual effects of the catalyst performance 
parameters. However, physically, the catalyst performance parameters 
are interconnected. The current density can be increased by increasing 
the cell potential to improve the reaction kinetics. An increased cell 
potential is expected to have a higher influence on the HER as on 
the NRR and thus will reduce the Faraday efficiency [10]. Further, an 
increased cell potential will lead to a higher energy demand compared 
to the EHB process. However, we showed that the NRR process can still 
be competitive at higher cell potentials.

Higher current densities will lead to a fast reduction of the nitrogen 
availability at the catalyst. This underlines the importance of GDEs 
to improve nitrogen availability at the catalyst. Further experimental 
studies are required to improve nitrogen adsorption over water or 
proton adsorption at the catalyst.

Thus, the major challenge is to increase the current density while 
reliably achieving sufficiently high Faraday efficiencies. We demon-
strated a large feasible space for the Faraday efficiency, Faraday ef-
ficiencies near 100% are not required. These outcomes are important 
when evaluating or publishing experimental results. Achieving high 
Faraday efficiencies at low current densities will only prove that a 
certain material can be a suitable catalyst. However, the next step 
must be to show that sufficiently high Faraday efficiencies can still be 
achieved at high current densities.

Catalyst durability is an important factor. If the catalyst must be 
replaced after each year or at an even higher frequency, the production 
costs increase and higher catalyst performances are required. The influ-
ence on the required catalyst performance is small at catalyst lifetimes 
of three years and longer.

Due to the one-step reaction and the lower theoretical energy 
demand, the NRR process has a high potential to compete with the 
EHB. It can be applied at smaller scales because the main equipment, 
the electrolyzer, benefits less from the economy of scale compared 
to the HB process. However, the main hurdle, improving the current 
density while achieving sufficiently high Faraday efficiencies must be 
overcome. Further, long-term studies in pilot plants will be important 
for proving catalyst longevity and the scalability of the process.

6. Conclusion and future work

We presented an approach to calculate the ammonia production 
cost for the NRR process depending on the performance of the NRR 
catalyst. As a result of this techno-economic analysis, we calculated the 
catalyst performance required for cost parity with benchmark prices. 
We calculated capital investment cost by transferring water electrolysis 
cost and considering technological differences. We calculated operating 
costs as the sum of electricity costs from the energy demand and 
operating and maintenance costs.
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By calculating the production cost of the overall process depending 
on the NRR catalyst performance (current density, Faraday efficiency, 
and cell potential), we put recent improvements in catalyst develop-
ment into perspective with requirements for an economically viable 
process. The resulting cost parity curves serve as performance targets 
for catalyst development. These targets for catalyst development are 
not one operation point but the feasible region above the cost parity 
curve. Various combinations of catalyst performance parameters result 
in the same production cost. We compared different catalysts and put 
them into perspective with benchmark prices based on current density, 
Faraday efficiency, and cell potential—parameters that are typically 
reported in catalyst studies.

The feasible region for the base case at a cell potential of 2.5V
requires current densities in the range of 100mAcm−2 to 250mAcm−2

and Faraday efficiencies in the range of 60% to 100%. We show that 
Faraday efficiencies higher than the minimal are achieved in some 
studies. However, the current density is well below the minimum in 
all studies. Improving the current density while achieving Faraday 
efficiencies above the minimal will be crucial to an economically viable 
process. According to the literature, this will be a major challenge. 
Increasing the cell potential will mainly benefit the HER and thus 
result in small improvements in the ammonia current density but at 
a considerable decrease in Faraday efficiency. Therefore, finding and 
improving catalysts that favor the NRR over HER even at elevated 
potentials will be critical for the NRR process.

We investigated the influence of catalyst durability on the required 
performance. The required performance increased for short catalyst 
lifetimes but the effect diminishes at lifetimes exceeding three years. 
If the whole stack must be replaced, the effect is more pronounced. 
Still, at lifetimes exceeding three years, the effects are less than the 
uncertainty of the investment cost.

In addition to the catalyst level, measures at the reactor and process 
level can improve the performance of the NRR process. Tuned GDEs can 
increase the nitrogen availability at the catalyst even at higher reaction 
rates. Flexible operation of the process can reduce electricity costs 
by operating only at lower electricity prices due to the considerable 
influence of the electricity price on the process performance (Fig.  6). 
However, this will result in higher specific investment costs. The am-
monia separation effort will shift the cost parity curves to the up-right 
corner and result in higher requirements on the catalyst performance.

An important next step is to evaluate the influence of the separation 
effort of ammonia and hydrogen and the infrastructure required to 
deliver the products to the market on the cost parity curve. There is 
potential for heat integration with the electrolyzer which could reduce 
the energy demand of the separation. Finally, using or selling hydrogen 
will be important at low Faraday efficiencies which can be expected 
at higher current densities. Therefore, investigating the hydrogen sep-
aration effort as well as potential use cases will be important. It is 
crucial for the NRR process that catalysts are developed and improved 
to achieve performances near the targets identified in this work in the 
near future. These catalysts should be tested in pilot plants at industrial-
like conditions to validate that the NRR process can be a competing 
alternative to the established Haber–Bosch process.
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