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Ammonia is traditionally produced using the Haber-Bosch process, which requires high temperatures 
and pressures. Efforts are now focused on finding ways to synthesize NH3 under milder conditions, 
and the electrochemical nitrate reduction reaction (E-NO3RR) is a promising approach, allowing to pro-
duce ammonia starting from waste flows rich in nitrate ions. The aim of this study is to conduct the life 
cycle assessment (LCA) of the technology at a laboratory scale, to identify its environmental hotspots and 
to evaluate the flows of critical raw materials (CRMs) and the cost of externalities (CoE) of the process, 
under a safe and sustainable by design (SSbD) perspective. Results highlight polytetrafluoroethylene
(PTFE) and iridium oxide used within the flow cell manufacturing as the most impactful materials, while
the electricity consumed to conduct the synthesis is the highest overall contributor to the impacts during
the NH3 synthesis. Furthermore, the approach allows to individuate the flow cell as the highest contrib-
utor to the consumption of CRMs and the electricity usage as the most impactful process in terms of CoE
at laboratory scale, providing insightful information to the developers towards a more sustainable and
competitive scale-up of the technology.
© 2026 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press 
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Ammonia is one of the leading commodities with a global mar-
ket volume of around 180 Mt produced annually [1,2]. It is mainly 
employed in the agriculture sector (around 80%) as an intermedi-
ate in the production of nitrogen fertilizers such as urea and
ammonium nitrate and phosphate [1,3]. Commercial ammonia 
synthesis is mostly conducted via the Haber Bosch (HB) process, 
allowing the fixation of atmospheric molecular nitrogen at a large
scale [4,5]; nowadays, industrial ammonia production plants reach 
capacities up to 2000 t/d [6]. The exothermic HB synthesis is con-
ducted at high temperatures (400–500 °C) and elevated pressures
above 100 bar, due to the sluggish kinetics of the reaction [7]. Tra-
ditional commercial iron-based catalysts are still the most widely
used, while ruthenium-based catalysts have also found recent
industrial application [7]. 

Nowadays, the HB process is mainly based on fossil fuels and 
feedstocks (i.e., natural gas, oil, and coal) [4,8–10], which account 
for 98% of global ammonia production [11]. Over 72% of the hydro-
gen for ammonia production is currently obtained by steam 
methane reforming (SMR) [8,12], followed by the water–gas shift 
reaction to eliminate carbon monoxide and improve h ydrogen
yield [4,10]. Due to the energy-intensive process conditions and 
its reliance on fossil fuels, ammonia production accounts for about 
2% of global energy consumption (8.6 EJ in 2020) [1] and 1% of glo-
bal greenhouse gas emissions [8], with modern plants averaging 
1.5–1.6 t of CO2 eq. per ton of generated NH3 [4]. Ammonia produc-
tion volume is expected to grow at a rate of 2.2% betwe en 2021 and
2030 [3,4], due to the growing demand of nitrogen fertilisers asso-
ciated with a growing population; since the early years of the 
twentieth century, ammonia synthesis from atmospheric nitrogen 
has in fact allowed the industrial pro duction of agricultural fertilis-
ers [13,14], and is currently supporting over 50% of the global food 
production [15].
 Chinese 
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The production of ammonia and nitrogen-based fertilizers, 
while essential for human development and well-being, imposes 
significant environmental burdens. This presents a major challenge
to the sustainable feeding of a growing global population, in align-
ment with the United Nations Sustainable Development Goals [16]. 
Consequently, increasing efforts have been directed toward devel-
oping more environmentally friendly methods for ammonia pro-
duction and utilization—such as its use as a maritime fuel or as a
promising liquid hydrogen carrier—at both laboratory and indus-
trial scales [17–21]. 

With the ever-growing interest in achieving sustainable indus-
trial chemistry, the last decade has seen the emergence of several
technologies for ammonia production under milder conditions;
photocatalytic [22], plasma-induce d [23], photoelectr ochemical
[24] and electrochemi cal [25] processes have offered a wide range 
of options, also integrable with other technologies for energy con-
version and storage. Among these, the electrochemical synthesis of 
ammonia is among the most promising, because it does not neces-
sarily require the use of CRMs, is carried out in an aqueous envi-
ronment, and can be powered by renewable energy [26]. The 
scientific community is thus developing technologies for the elec-
troreduction of several nitrogen species: the most desired (but dif-
ficult to achieve) is the conversion of nitrogen [27], followed by the 
reduction of nitrate ions [28]. The latter process has the advantage 
of using waste products and widespread water pollutants (i.e., 
nitrate ions) as starting materials to be converted into a value-
added chemical, while also offering a potential wastewater treat-
ment alternative [29], from a circularity and economic sustainabil-
ity perspective [30,31]. While nitrate electroreduction is often 
framed in the context of wastewater treatment and resource recov-
ery, the present study intentionally focuses on a controlled labora-
tory feedstock in order to provide a robust and reproducible 
environmental assessment at low technology readiness level. Elec-
trochemical nitrate reduction reaction (E-NO3 RR) involves the
transfer of eight electrons per mole of ammonia generated through
several intermediate steps: this results in sluggish reaction kinet-
ics. To overcome this challenge, the application of high overpoten-
tials is usually required, leading to energy wastage and reduced
overall efficiency [32]. Overall, an extensive investigation on elec-
trodes, electrolytes, cell components, and testing conditions is 
ongoing, with recent achievements that have achieved process effi-
ciencies above 80% [33]. 

In this framework, estimating the potential environmental 
impacts associated with innovative ammonia production technolo-
gies at low technology readiness levels (TRL) is crucial to ensure a 
more sustainable scale-up before their commercial deployment 
and to compare the performance of various alternatives. For this
purpose, life cycle assessment (LCA) is an established methodol-
ogy, regulated under the International Organization for Standardi-
sation 14040 [34] and 14044 [35] standards, allowing to model 
physical and chemical exchanges of a system with the environ-
ment throughout its whole life cycle (or part of it), from resource 
extraction to end of life and waste disposal. The model enables 
the calculation of the cumulative environmental burdens of the 
system under study. While traditionally employed to investigate
affirmed technologies and processes, the LCA approach can also
be applied ex ante to assess lower-scale technologies (i.e., labora-
tory scale), to assist developers in the implementation of preven-
tive solutions that could avoid potential environmental burdens
[36], in accordance with the well-known ecodesign principles
[37]. Additional context is provided in Section S1 of the Supporting 
Information (SI). To the best of our knowledge, LCA studies on 
nitrate conversion into ammonia have been published only for
photoelectrochemical (Li et al. [38]) and thermal-boosted (Liu 
et al. [39]) processes. Previously published LCA studies on 
nitrate-to-a mmonia conversion primarily focus on energy demand
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and carbon footprint at assumed high (7–9) TRL. Conversely, the 
present work adopts an ex-ante, laboratory-scale perspective 
aimed at identifying environmental and material hotspots embed-
ded in early-stage process design. By explicitly accounting for lab-
oratory infrastructure, flow-cell architecture, critical raw materials 
(CRMs) and the cost of externalities (CoE), this study provides a 
design-oriented assessment framework that supports sustainable 
scale-up decisions before industrial performance assumptions 
can be reliably defined. Thus, the purpose of this research work 
is an in-depth evaluation of the environmental profile of an E-
NO3RR technology at laboratory scale across various impact cate-
gories, to first individuate potential hotspots. This technology is
proposed as an alternative to the HB process for ammonia synthe-
sis; however, a direct comparison of environmental performance
has not yet been possible due to the significant difference in oper-
ational scale between the two processes. Such a comparison will be
conducted once the technology reaches a larger scale and reliable
process estimates become available.

LCA at this stage remains valuable, as the technology offers a 
high degree of freedom in its design space. This allows environ-
mental hotspots to be identified at an early stage of development,
enabling a more informed and sustainable scale-up trajectory.

2. Experim ental

2.1. E-NO3RR system description

The E-NO3RR technology under evaluation consists of a com-
mercial flow cell microreactor (Micro flow cell, Electrocell) in a
three-chamber configuration [40], comprising two liquid chambers 
containing the electrolyte solutions and a gas chamber to facilitate 
the release of gaseous products. The catholyte solution (50 mL per 
batch), containing the main reactant, is prepared with ultrapure 
water and consists of K2SO4 0.3 M with NO3 

− 500 mg L−1 in the form 
of KNO3, while the anolyte is a K2SO4 0.3 M solution in ultrapure 
water (50 mL per batch). At the laboratory scale considered in this 
study, nitrate ions are supplied as analytical-grade potassium 
nitrate (KNO3), dissolved in ultrapure water to obtain a controlled 
and reproducible feedstock composition. This choice reflects the 
current experimental practice and ensures consistency across 
independent electrochemical runs. The two electrolyte solutions 
are separated by a NafionTM ion-exchange membrane to prevent
the migration and re-oxidation of reduced products. The two
chambers are delimited by two titanium-based electrodes: the
commercial anode is coated with an iridium mixed metal oxide
(Ir-MMO) layer, conservatively assumed to be entirely composed
of iridium metal, while the cathode consists of a titanium holder
and a Teflon treated carbon paper that serves as a support for
the MoS2-based catalyst, active in the reduction reaction. Other
structural components of the flow cell include endplates, gaskets,
and frames. Before the assembly of the cell, the MoS2-based cata-
lyst is prepared by dispersing commercial molybdenite powder
[40] in ethanol, together with a NafionTM-based binder and carbon 
black to increase conductivity; the obtained ink is then air-
sprayed onto the carbon paper sheet, which is fixed on the tita-
nium support to complete the cathode.

At the current laboratory scale, the catalyst layer is freshly pre-
pared and deposited before each independent NH3 production 
experiment to ensure reproducibility and consistent electrochem-
ical performance across runs. Accordingly, in the baseline life cycle 
inventory, the catalyst is assumed to be substituted after each 
experimental cycle, reflecting the actual foreground experimental 
protocol rather than a prospective durability assumption. To 
account for potential improvements in catalyst stability and life-
time at higher TRL, a dedicated sensitivity analysis was performed
by extending the catalyst lifetime to 10 and 100 consecutive NH3
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production cycles. These scenarios are intended to explore plausi-
ble future developments without introducing speculative assump-
tions into the baseline laboratory-scale assessment.

The following reaction (R1) occurs. 

NO3 +  9H  +  8e NH 3 + 3H2O R1

at 25 °C and at atmospheric pressure, under the applied poten-
tial of −1.2 V vs. Ag/AgCl at the cathode. Ammonia is therefore pro-
duced mainly in the form of NH4 

+ dissolved in the catholyte
solution, while the main byproduct is gaseous H2 from water elec-
trolysis. At the time of the study, the highest Faradic efficiency (FE)
[40] value of 85% was obtained after 2 h of reaction, and the longest 
continuous run without turnover of electrolyte solutions was 50 h. 
During the reaction, the electrolyte solutions were recirculated 
using a peristaltic pump, and an inert gas was flown to facilitate
the release of gaseous products. After each run, the polymeric
membrane is cleaned via sonication in a H2SO4 1 M solution. A sim-
plified representation of the technology is depicted in Scheme 1. 

2.2. Life cycle assessment

LCA is a standardised methodology that allows the evaluation of 
potential environmental burdens associated with a product or ser-
vice throughout its life cycle [41] (from cradle to grave) [34,35].  In  
this study, LCA methodology is applied at lab-scale [42] to evaluate 
the environmental hotspots of the system at an early stage of
development, from an eco-design perspective [37]. The analysis 
is also integrated with an estimation of the CoE associated with 
the potential environmental burdens of the technology, and an 
assessment of the CRM intensity along the supply chain of the
whole system. This procedure, based on the safe and sustainable
by design (SSbD) methodological guidance [43], allows to take into 
consideration economical aspects tied to potential environmental 
impacts, and inform decision making towards a more sustainable 
upscaling profile, according to the notion that decisions taken early
in the development have impacts on the future success of a tech-
nology [44]. 

2.2.1. Goal and scope definition
The goal of this study is to assess the potential environmental 

impacts of the E-NO3RR technology described above. The main tar-
get of the analysis is the identification of environmental hotspots 
within the system, i.e., materials and sub-processes that contribute
the most to the calculated cumulative burdens, with the aim of
supporting the developers in adopting an eco-design approach
for the technology [44]. 
Scheme 1. E-NO3RR
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A cradle-to-gate scope is adopted to assess the impacts associ-
ated with the production of NH3 at a laboratory scale and the 
related subprocesses, given the various possible uses of ammonia,
also in accordance with the product category rules for basic chem-
icals [45]. System boundaries encompass upstream activities, rang-
ing from raw material extraction to ammonia production (core), 
while excluding the use phase and end-of-life of the final product.
This approach is justified by the wide range of applications of the
target chemical.

Following a methodology already adopted in Rossi et al. [46], 
the analysis is subdivided into two levels: in the first (Level I), 
the manufacture of the flow cell is modelled to set the focus on 
materials and individuate the presence of CRMs. They are expected 
to carry a significant contribution to the overall environmental
burdens of the technology at a lower scale. For this purpose, the
adopted functional unit (FU) is 1 unit (p) of the flow cell assembly.

Then, in the second level (Level II), ammonia production process 
is investigated, to highlight the impacts of laboratory procedures 
and energy consumption for the reaction. A cradle-to-gate 
approach is selected by using the amount of ammonia generated 
at laboratory scale, equal to 1 g, as FU. Level II system boundaries
include the consumption of reagents and auxiliaries, the consump-
tion of electricity to power the reaction, the utilization of the flow
cell modelled in Level I and the associated upstream activities, as
well as process emissions of nitrates and waste outflows.

Ammonia is considered the sole product of the system, as 
hydrogen (i.e., the main potential byproduct of the reaction) is 
not recovered at this scale and is therefore modelled as an emis-
sion. Hence, no allocation procedures are needed. Furthermore,
the CoE associated with the production of NH3 and the CRMs inten-
sity across ammonia production inventory flows are evaluated rel-
ative to the selected FU = 1 g NH3 for Level II.

2.2.2. Life cycle inventory (LCI)
Life cycle inventories of the flow cell assembly and ammonia 

production experiments are compiled employing both primary 
and secondary data. Primary data relative to the foreground system 
are obtained by direct measurements and calculations, while back-
ground activities are modelled using ecoinvent v.3.10 [47] data-
base and peer-reviewed literature [48]. Allocation at the point of 
substitution (APOS) system model is adopted, as it expands the 
system to include treatment processes required for possible
byproducts [47], thereby avoiding allocation within treatment pro-
cesses without applying a consequential approach along the whole 
supply chain. As a result, APOS system model allows for a more 
conservative estimate of the environmental burdens [48].
 device scheme.

move_f0005
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In the Level I of analysis, the flow cell assembly is evaluated by 
simulating the manufacture of its structural components, the elec-
trodes, and the membrane.

To model the foreground system, primary data relative to the 
mass of structural components are obtained by direct weighing 
in the laboratory and then aggregated by material type, i.e., polyte-
trafluoroethylene (PTFE), polyether ether ketone (PEEK),
polyvinylidene fluoride (PVDF), ethylene-propylene diene mono-
mer (EPDM), and stainless steel [49]. Electrodes are also weighed. 
The cathode consists solely of a titanium support, while the com-
mercial anode is composed of a titanium support coated with an
Ir-MMO catalytic layer [29]. The mass of the anodic iridium layer 
is calculated by multiplying the measured surface area for an esti-
mated surface density value, as outlined in the procedure reported
in Section S2.1.2, SI. Finally, the mass of the NafionTM membrane is 
calculated from its measured surface area and considering its
thickness and density (see SI, Section S2.1.3). The background sys-
tem includes the production processes of the materials constitut-
ing the flow cell components and the relative manufacturing
process to obtain the final product. Material flows relative to cell
assembly are depicted in Fig. 1. 

Full inventories for Level I are reported in SI, Section SX1. 
For the Level II of the analysis, the LCI relative to ammonia pro-

duction is compiled. The reaction is assumed to occur at the cath-
ode/catholyte interface, with a catholyte solution containing NO3 

− 

500 mg L−1 . MoS2-based catalyst preparation and membrane 
cleaning are included in the Level II, since they are repeated after
each ammonia production run. Inert gas (Ar) and the electricity
consumption for the conduction of the reaction are modelled using
primary data from the laboratory. According to the procedure pub-
lished in the literature [50], electricity consumption is calculated 
from technical data of the instrumentation (e.g., power in W) used 
and electrochemi cal data obtained in the lab. All calculations are
reported in SI (Section SX2). Italian energy mix [51] is considered 
to reflect the geographical location of the study, as the process is 
developed at Politecnico di Torino laboratories. As a sensitivity 
analysis and to extend the evaluation on a European scale, the
assessment is also conducted assuming an average European
region (RER) electricity mix (see SI, Section S3.2). 

Materials used are weighed and simulated according to the
same approach used for Level I.
Fig. 1. Sankey-based diagram representing flows of materials used in t
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A reference service life (RSL) of 7 years (7 y) is assumed for the 
flow cell based on values reported in literature relative to the life-
time of an electrolyzer [52]. A substitution of the catalyst is com-
pleted after each run (1c). An argon flow of 5 mL min−1 is 
pumped for the duration of the experiment to aid the release of
gaseous products. The electrolyte solution is recirculated for the
entire duration of the experiment via a peristaltic pump.

Four different NH3 laboratory-scale production scenarios are 
thus modelled: (1) Scenario 2 h:85%:{IT}:7 y:1 c:Ar; (2) Scenario 
50 h:63%:{IT}:7 y:1 c:Ar; (3) Scenario 71 h:63%:{IT}:7 y:1 c:Ar;
(4) Scenario 101 h:63%:{IT}:7 y:1 c:Ar. The first implies a 2 h exper-
iment, representing the best results obtained in terms of FE [40] 
(85%) with a nitrates conversion of 2%. The first two scenarios 
are aimed at assessing the environmental performance of the elec-
trochemical configurations that obtained the highest FE (Scenario 
1) and the highest nitrates conversion (Scenario 2). The third and 
fourth scenarios represent the elimination of 80% and 90% of the 
initial nitrates, respectively. The second considers a 50 h experi-
ment, being the maximum duration of the test without substitu-
tion of the initial electrolytic solution, with a calculated FE of 
63% and a nitrates conversion of 68%. For the last two scenarios,
the same FE as Scenario 50 h:63%:{IT}:7 y:1 c:Ar is assumed. Reac-
tion times 71 and 101 h are extrapolated from kinetics calculations
based on the 50 h:63%:{IT}:7 y:1 c:Ar scenario and are equal to 71
and 101 h, respectively. These last two scenarios are aimed at eval-
uating the potential performance of the system at longer experi-
ment durations, needed to reach a concentration of nitrates
(50 mg L−1) compliant with the European law [53]. Scenarios are 
summarised in Table 1.

For each scenario, Level I inventories of the active flow cell 
assembly are integrated into ammonia production inventories by 
accounting for the theoretical amount of worn-out flow cell units 
per mass of produced NH3. This value is obtained by dividing the
duration of the experiment in hours by the RSL of the flow cell
expressed in hours, considering 8760 h per year, as reported in
Eq. (E1); this ratio corresponds to the reciprocal of the theoretical 
number of experiments that could be performed during the useful
lifetime of the flow cell.

Flowcell units p Experimentduration h 
8760h y 7y

E1
he manufacturing of the flow cell components, Level I of analysis.

move_f0010
move_t0005
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Table 1 
NH3 production, evaluated laboratory scale scenarios with corresponding initial
nitrate ions conversion, reaction time, and Faradic efficiency.

Scenario NO3 
− conversion Reaction time Faradic 

efficiency (FE)

2 h:85%:{IT}:7 y:1 c:Ar 2% 2 h 85% 
50 h:63%:{IT}:7 y:1 c:Ar 68% 50 h 63% 
71 h:63%:{IT}:7 y:1 c:Ar 80% 71 h 63% 
101 h:63%:{IT}:7 y:1 c:Ar 90% 101 h 63%
Full inventories for Level II are reported in SI, Section SX2. 
In both levels of analysis, processes representing the average 

European market (market for, RER or European without Switzer-
land) are selected if available. GLO (global) or RoW (rest of the
world) datasets are chosen to fill the data gap.

System boundaries for the two levels of analysis are depicted in
Fig. 2. 

2.2.3. Life cycle impact assessment (LCIA)
Environmental impact calculations are carried out using Sima-

Pro v.10.4.0.0 PhD [54]. 
Potential environmental burdens are assessed using environ-

mental footprint (EF) 3.1 (adapted) [55], a multi-impact methodol-
ogy proposed by the European Commission (EC). It allows the 
aggregation of LCI data into 16 midpoint categories at European 
level: Ac (acidification); CC (climate change); EcoF (ecotoxicity, 
freshwater); EuF (eutrophication, freshwater); EuM (eutrophica-
tion, marine); EuT (eutrophication, terrestrial); HTC (human toxic-
ity, cancer); HTNC (human toxicity, non-cancer); IR (ionising
radiation); LU (land use); OD (ozone depletion); PM (particulate
matter); POF (photochemical ozone formation); RUF (resource
use, fossils); RUMM (resource use, minerals, and metals); WU (wa-
ter use). They can be normalized and weighed to obtain a single
score.

For the EF 3.1 method, the 16 categories are clustered in 4 
groups according to the methodology suggested in the 2022 JRC
Fig. 2. System boundaries of the production of NH3 via E-NO3RR process at laboratory
analysis).
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technical report on SSbD [56] to allow for a comprehensive 
evaluation across all categories: toxicity, CC, pollution, and 
resources. For Level II of the analysis, single score results are calcu-
lated to provide a comparison among the assessed scenarios by 
simultaneou sly accounting for the several environmental issues
addressed by the EF 3.1 method. However, certain impact cate-
gories (including (eco)toxicity and WU) present high uncertainties,
as reported in the PEFCR guidance [57] and in the EPD environ-
mental performance indicators [58]. To address this limitation, 
the discussion is expanded in the SI, Section S3.2, by excluding 
the impact categories of EcoF, HTC and HTNC-inorganics and WU 
from the calculation of the single score and its associated
uncertainty.

In order to extend the analysis to a global scale, the ReCiPe 2016
[59] method is also used. It characterizes impacts across 18 mid-
point (problem-oriented) and 3 endpoint (damage-oriented) cate-
gories, and also allows the impacts to be expressed as a single
score.

2.2.4. Interpretation: contribution, sensitivity and uncertainty analysis
To assess the share of the cumulative burdens attributable to 

the various subprocesses, a contribution analysis is performed. 
Furthermore, a sensitivity analysis is conducted on the Scenario 
50 h:63%:{IT}:7 y:1 c:Ar to evaluate the response of the system 
to perturbations, i.e., variations in the input flows, in terms of cal-
culated environmental impacts. Various parameters are modified: 
energy mix (50% of electricity generated from PV), lifetime of the 
flow cell (1 y, 10 y, and 20 y) and catalyst (10c, 100c), and choice 
of inert ga s (N2 to replace Ar). Following the methodology sug-
gested in the SSbD JRC Methodological guidance [43], a simplified 
monetization of externalities is also conducted. To complete the 
task, EF 3.1 selected midpoint categories are normalized applying 
monetary value coefficients (MVCs). MVCs are estimated only for 
the categories already studied in literature [43]. For other impact 
categories, i.e., IR, EuT, RUMM, RUF, MVCs are not reported in the 
JRC guidance and were not thoroughly evaluate d in previous liter-
ature [60].
 scale; flow cell assembly (I level of analysis) and ammonia production (II level of

move_f0015
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To investigate the CRM intensity within the inventories, a crit-
icality assessment of the supply chain is also performed, according
to the JRC guidance [43,61]. Different approaches to address the 
issue of CRMs across the inventory flows of products have been
proposed, evaluating both the amount and supply risk (SR) of the
materials [62–66]. In this context, cradle-to-gate inventory flows 
of the NH3 production scenarios are investigated to individuate 
the elementary flows of CRMs, as identified in the latest Study on
Critical Raw Materials for the European Union, published by the
EC in 2023 [61]. In the EC study, the criticality of materials is eval-
uated by assigning dimensionless scores on both their economic 
importance (EI) and SR. The threshold values for EI and SR are 
set to 2.8 and 1.0, respectively; if a material surpasses both thresh-
olds, it is considered a CRM. In this work, the identified CRM inven-
tory flows are characterized by multiplying the mass values by
their normalised EI and SR scores, to obtain a criticality-adjusted
mass value, as also reported in the CriticS framework proposed
by Hackenaar et al. [66]. Further methodological considerations 
are provided in the SI, Section 2.3.

Ammonia production sub-processes are finally evaluated by 
assigning a criticality score (CS), ranging from 1 (lowest contribu-
tion) to 5 (highest contribution) and ranked based on the
criticality-adjusted mass of CRMs consumed across their supply
chain, according to Eq. (E2) [67]. The calculated score is then plot-
ted against LCIA results for the EF 3.1 midpoint categories, to eval-
uate potential correlations or trade-offs. Both CRMs and strategic
raw materials are included in the evaluation, as reported in the
2023 EC study [61]. 

CS 4 
CRMsub process CRMmin 

CRMmax CRMmin
1 E2

Finally, the uncertainty of the processes is evaluated applying an 
adapted version of the quality pedigree matrix proposed by Wei-
dema and Wesnaes in 1996 [68]. Consequently, an uncertainty 
assessment on environmental impacts is performed using the 
Monte Carlo method. Results of the analysis are reported in Sec-
tion S3.5, SI. 
Fig. 3. Contribution to the midpoint impacts of PTFE and Ir-MMO, employed in the 
flow cell assem bly; method EF 3.1.
3. Results and discussion

Life cycle impact assessment and interpretation stages for the 
two levels of analysis are reported in this section and based on 
the results calculated with the EF 3.1 method. All the 16 categories
are considered to ensure an in-depth contribution analysis
accounting for a wide range of environmental issues and grouped
according to the classification reported by Caldeira et al. [69]. 
ReCiPe 2016 results at the midpoint and endpoint level are also
discussed in the following sections.

3.1. Level I: flow cell

The first level of analysis is conducted as a screening, to evalu-
ate the potential environmental impacts associated with the pro-
duction of the selected flow cell configuration, i.e., the RSL of the 
flow cell for NH3 synthesis is not taken into account, and the focus
is set on the intrinsic burdens due to the manufacture of the cell;
the evaluation is performed to support decision-making in the
potential future selection of an optimized flow cell configuration.

The environmental impacts associated with the LCI of the flow 
cell assembly are calculated at the midpoint level, to extend the 
assessment across all the considered problem-oriented impact cat-
egories and to evaluate the relative contribution of the sub-
assemblies, i.e., structural components, electrodes, and membrane.

Considering the overall burdens associated with the cell assem-
bly, PTFE and Ir-MMO (also containing a CRM) are identified as the
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environmental hotspots of the flow cell, being the two materials 
carrying the highest share of impacts to the considered categories:
a visual representation of the contributions is depicted in Fig. 3.  In  
addition, titanium metal, while bearing lower environmental 
impacts than PTFE and Ir-MMO, needs careful consideration since
it has been labelled as a CRM from the EC [60] and is employed 
as constituting material of the electrodes.

The elevated contributions of PTFE to the CC and OD categories 
reflect the embodied emissions of fluorinated compounds in the 
supply chain of the polymer, as previously reported. On the other 
hand, Ir-MMO is the main contributor to the Ac, EcoF, PM, EuF, 
EuM, EuT, HTNC, LU, POF, POD, RUF, and RUMM due to the elevated
mineral consumption associated with the low yield in the produc-
tion of PGMs from the extracted platinum ore. For the HTC cate-
gory, steel has the highest impact among materials employed in
the cell assembly (Fig. S3.5). Cumulative environmental impacts 
expressed as a single score (after normalisation and weighting of 
the midpoint results) show that the structural components con-
tributed to 60% of the total burdens, mainly due to CC impacts;
the electrodes sub-assembly is the major contributor to the
resources cluster (Fig. 4).

Overall results for the flow cell are also considered in the con-
duction of a sensitivity analysis, to evaluate the reduction in the
overall impacts upon removing the anodic Ir-MMO catalytic layer
(see Tables S3.6 and S3.7) from the electrodes sub-assembly: a 
reduction of 36% was found, as depicted in Fig. S3.6. 

ReCiPe 2016 results for the manufacture of the flow cell are
reported in Tables S3.34–S3.36 and commented in Section 3.4.1, SI. 

3.2. Level II: ammonia production

In the second level of analysis, the EF of NH3 production is 
investigated, focusing on the sub-processes and laboratory opera-
tions to evaluate their contribution. Fig. 5 presents heatmaps that 
report the contribution of NH3 production sub-processes to the 
environmental impacts of each studied scenario; results for each 
category are normalized to the total impacts of the scenario and
assessed separately, to evaluate the contribution of NH3 sub-
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Fig. 4. Cumulative environmental impact results for the flow cell assembly. Method: EF 3.1 (clustered categories); unit: milli-points (mPts). Membrane was excluded due to
its negligible contribution (<1%).
processes to the overall environmental issues. Each impact cate-
gory is associated with the relative unit of measurement (e.g., kg
CO2 eq for CC). Midpoint results (see Fig. 5 and Tables S3.8– 
S3.11) show that, for scenario 2 h:85%:{IT}:7 y:1 c:Ar, the produc-
tion of the MoS2-based catalyst has the highest contribution to all 
of the 16 considered categories (67% average), given that it is sub-
stituted after each NH3 production experiment. The electrolyte 
solution containing KNO3 and K2SO4 constitutes 37% of the impacts 
for the EcoF category, due to the complete make-up of fresh solu-
tion after each trial. At this scale, the reactive NO3 

− is supplied as a 
pure reagent and not as a waste product. In order to explore the
influence of nitrate feedstock origin on the environmental perfor-
mance of the E-NO3RR process, an additional sensitivity scenario
was modelled assuming nitrate ions supplied from a wastewater-
derived stream rather than from analytical-grade KNO3. Following
this assumption, a zero-burden approach is adopted for waste
nitrate feedstock. 2 h:85%:{IT}:7 y:1 c:Ar route is considered for
the analysis, as it is the scenario where impacts are mostly influ-
enced by the electrolyte solution.

This scenario is intended as an exploratory case, aimed at eval-
uating the potential magnitude and direction of impact changes 
associated with feedstock substitution, rather than as a fully repre-
sentative wastewater treatment model. The results highlight that 
sulphate sourcing, rather than nitrate feedstock, represents a key
leverage point in reducing the overall environmental burdens of
the process, particularly at laboratory scale where reagent-grade
chemicals dominate the inventory. Results for the impacts of the
electrolyte solution are reported in Table S3.12. 

Moving from scenario 2 h:85%:{IT}:7 y:1 c:Ar to 50 h:63%:{IT}:7 
y:1 c:Ar, a decrease of the impact in all the categories is detected 
(e.g., from 640 kg CO2 eq./g NH3 to 76 kg CO2 eq./g NH3 for the 
CC category). These results highlight that, at the considered lab-
scale, operating at a lower FE in favor of an increased conversion 
rate leads to a reduction in the environmental burdens of the pro-
cess. In parallel, electricity consumption becomes a dominant fac-
tor (averaging 37%), due to the continuous operation of the
peristaltic pump required to recirculate the solutions throughout
the experiment. In scenario 50 h:63%:{IT}:7 y:1 c:Ar, the catalyst
remains the highest contributor to the POF category due to the
emissions of the evaporated solvent and to the RUMM category
because of the consumption of MoS2. The same considerations on
energy consumption could be applied to scenarios 71 h:63%:
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{IT}:7 y:1 c:Ar and 101 h:63%:{IT}:7 y:1 c:Ar, with an average con-
tribution for electricity of 41% and 45%, respectively, while overall 
impacts increase with reaction time. For the three latter scenarios, 
the flow cell implies the highest impacts to the OD and the second
highest to the Ac categories, due to the presence of PTFE and Ir-
MMO, respectively, as reported in the previous section.

Weighted results, in the form of a single score, are presented in
Fig. 6 and SI (see Tables S3.13–3.16). The graph shows the overall 
burdens drop by 90% when moving from scenario 2 h:85%:{IT}:7 
y:1 c:Ar to 50 h:63%:{IT}:7 y:1 c:Ar, mainly due to a decrease in 
the contribution of the catalyst and the electrolyte solution. 
Extending the reaction time under constant conditions improves 
nitrate conversion from 60% (for the scenario 50 h:63%:{IT}:7 y:1 
c:Ar) to 80%–90% (for the scenarios 71 h:63%:{IT}:7 y:1 c:Ar and 
101 h:63%:{IT}:7 y:1 c:Ar, respectively) at the cost of higher 
impacts due to the greater electricity requirements. Increments
in the environmental burdens are also attributed to a higher inert
gas consumption and to an extended use of the flow cell compared
to the 50 h scenario (+10% for the 71 h:63%:{IT}:7 y:1 c:Ar scenario
and +19% for the 101 h:63%:{IT}:7 y:1 c:Ar scenario). Given the
same reaction conditions and FE, an increase in the conversion of
nitrates entails longer reaction times and slower reaction rates at
low NO3

− concentrations (see Fig. S2.2a), leading to a less efficient 
usage of the flow cell with respect to the FU.

Following the evaluation of the four considered NH3 production 
scenarios, the 50 h:63%:{IT}:7 y:1 c:Ar route is found to have the 
lowest overall environmental profile and is therefore subjected to 
a sensitivity analysis to investigate the response of the system to 
the modification of several parameters. The catalyst lifetime is 
the first parameter varied from 1 c to 10 c (scenario 50 h:63%: 
{IT}:7 y:10 c:Ar) and to 100c (scenario 50 h:63%:{IT}:7 y:100 c: 
Ar). A reduction in th e cumulative impacts of up to 25% is observed
for the 50 h:63%:{IT}:7 y:100 c:Ar scenario (see Tables S3.17 a nd
S3.18, as well as Fig. S3. 8). The RSL of the flow cell is also varied, 
assuming three additional hypothetical scenarios: 1 year RSL 
(50 h:63%:{IT}:1 y:1 c:Ar), 5 years RSL (50 h:63%:{IT}:5 y:1 c:Ar), 
and 20 years RSL (50 h:63%:{IT}:20 y:100 c:Ar): As expected, the 
most significant increase in impacts is detected by fixing the RSL 
to 1 year: +100% with respect to the unperturbed 50 h scenario. 
On the contrary, an 11% reductio n over the cumulative impacts is
achievable by increasing the RSL to 20 years (see Fig. S3. 9 and 
Tables S3.19–S3.2 1). Additional scenarios are also included to eval-
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Fig. 5. Midpoint results for scenarios: (a) 2 h:85%:{IT}:7 y:1 c:Ar; (b) 50 h:63%: 
{IT}:7 y:1 c:Ar; (c) 71 h:63%:{IT}:7 y:1 c:Ar; (d) 101 h:63%:{IT}:7 y:1 c:Ar. Lines 
report impact categories while columns report NH3 production sub-processes. In
the color scale, green indicates the lowest value while red indicates the highest
value for each impact category. Method: EF 3.1.
uate the effects associated with the modification of inert gas and 
electricity mix inputs. In the scenario 50 h:63%:50%PV:7 y:1 c:Ar, 
electricity was assumed to be derived at 50% from the Italian grid,
with the other half coming from photovoltaic production
(Table S3.22), while for the scenario 50 h:63%:{IT}:7 y:1 c:N 2 argon
is replaced with nitrogen (Table S3.23). These assumptions are 
combined into a best-case scenario, 50 h:63%:50%PV:20 y:100 c: 
N2, that also considers an RSL of 20 years and a catalyst lifespan
of 100 cycles (Table S3.24). Results reported in Fig. 7 show an 
13% reduction with respect to the unperturbed 50 h route for sce-
nario 50 h:63%:50%PV:7 y:1 c:Ar and an 10% reduction for scenario 
50 h:63%:{IT}:7 y:1 c:N2, indicating that the substitution of argon 
with nitrogen could be an effective implementation to curb the 
potential environmental burdens. Furthermore, best-case scenario
50 h:63%:50%PV:20 y:100 c:N2 could provide a potential 58%
reduction in overall impacts. The assessment of overall single score
impacts allows the comparison between different NH3 production
scenarios and potential hotspots by considering the cumulative
effect of all considered impact categories after normalization and
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weighting. However, the propagation of uncertainty across impact 
categories could limit the interpretability of cumulative results. To 
account for this limitation, further discussion focusing on the
single-issue comparison of CC impacts is provided in the SI, Sec-
tion S3.2, along with the modified EF 3.1 method single score
results.

ReCiPe 2016 midpoint impacts for NH3 production scenarios are
reported in Tables S3.37–3.40. Results show the same trend 
encountered for impacts calculated with EF 3.1 method, with the 
catalyst carrying the highest contribution for scenario 2 h:85%: 
{IT}:7 y:1 c:Ar across all categories, with an increasing contribution 
associated with electricity and flow cell consumption for scenarios 
50 h:63%:{IT}:7 y:1 c:Ar, 71 h:63%:{IT}:7 y:1 c:Ar, and 101 h:63%:
{IT}:7 y:1 c:Ar. On an endpoint level, the same trend reported for
EF 3.1 results can be observed for the evaluated damage categories
and for results expressed as single score (Tables S3.41–S3.48); with 
respect to the sensitivity analysis conducted on scenario 50 h:63%: 
{IT}:7 y:1 c:Ar related to EF 3.1 impacts, ReCiPe 2016 results follow 
the same trend, reporting comparable percentage reductions for 
the assessed scenarios ( −11% for scenario 50 h:63%:50%PV:7 y:1
c:Ar, −8% for scenario 50 h:63%:{IT}:7 y:1 c:N2, and −55% for sce-
nario 50 h:63%:50%PV:20 y:100 c:N2) as reported in Fig. S3.35. 
Cumulative results for sensitivity analysis scenarios are reported
in Tables S3.49−S3.51. 

The assessment of overall impacts allows the comparison 
between different NH3 production scenarios and potential hotspots 
by considering the cumulative effect of all considered impact cat-
egories after normalization and weighting. However, the propaga-
tion of uncertainty across impact categories could limit the
interpretability of cumulative results. To account for this limita-
tion, further discussion focusing on the single-issue comparison
of CC impacts is provided in the SI, Section 3.2. 

3.3. Cost of externalities estimation and criticality assessment

In order to evaluate the costs of externalities associated with 
the production of NH3, the midpoint EF 3.1 results are converted
into monetary values using the MVCs reported in Table S3.29. 
Complete results are reported in Tables S3.30−S3.32. Across the 
NH3 production scenarios, a trend similar to that observed in the 
EF 3.1 cumulative results is identified with the 50 h:63%:{IT}:7 
y:1 c:Ar scenario that reached a 90% lower result than the 
2 h:85%:{IT}:7 y:1 c:Ar (11 €/g NH3 and 96 €/g NH3, respectively).
Scenarios 71 h:63%:{IT}:7 y:1 c:Ar and 101 h:63%:{IT}:7 y:1 c:Ar
yield CoEs of 12 €/g NH3 and 14 €/g NH3, respectively (Fig. 8). 
For the baseline scenario (2 h:85%:{IT}:7 y:1 c:Ar), the highest con-
tributor to the overall cost is the production of the MoS2 -based cat-
alyst, while for the other three scenarios electricity consumption
presents the highest values over the total cost (Fig. 8). Among 
the midpoint impact categories, CC causes the most damage for
all ammonia production routes (Table S3.31, Fig. S3.16), contribut-
ing to 65% of the cost for scenario 2 h:85%:{IT}:7 y:1 c:Ar and to 
70% for the other three evaluated scenarios. The scenarios designed 
for the sensitivity analysis of the 50 h:63%:{IT}:7 y:1 c:Ar route
imply lower CoE with respect to the unperturbed 50 h scenario
(Table S3.32, Fig. S3.17), with the best case scenario 
50 h:63%:50%PV:20 y:100 c:N2 reporting a 57% reduction in esti-
mated collateral damages. As for the sensitivity analysis conducted 
on single score results, scenario 50 h:63%:50%PV:7 y:1 c:Ar shows 
a 16% reduction in cumulative impacts, while scenario 50 h:63%:
{IT}:7 y:1 c:N2 of 8%, indicating a stronger effect of the electricity
mix composition compared to the choice of inert gas on the final
estimated cost.

Results from the investigation of CRMs intensity across ammo-
nia production inventory show that, for the baseline scenario, CRM 
consumption reaches 4200 g/g NH3, with the production of the
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Fig. 6. Cumulative weighed results for scenarios: (1) 2 h:85%:{IT}:7 y:1 c:Ar; (2) 50 h:63%:{IT}:7 y:1 c:Ar; (3) 71 h:63%:{IT}:7 y:1 c:Ar; (4) 101 h:63%:{IT}:7 y:1 c:Ar. Unit:
milli-Points (mPt). Method: EF 3.1.

Fig. 7. Sensitivity analysis for the 50 h:63%:{IT}:7 y:1 c:Ar scenario; catalyst lifetime, flow cell RSL, inert gas, and electricity mix perturbations. Unit: milli-Points (mPt).
Method: EF 3.1.
MoS2-based catalyst receiving the highest CS of 5.0 among the sub-
processes (74% of the total CRM mass). Similarly to the trend 
observed for the environmental impacts, increasing the reaction 
time to 50 h leads to a reduction of the CRMs consumption up to 
550 g/g NH3, with the flow cell accounting for 61% of the overall 
material consumption (CS = 5.0), associated with the consumption 
of fluorspar (linked to the production of fluorinated compounds), 
followed by the production of the catalyst (CS = 2.2). For the sce-
narios 71 h:63%:{IT}:7 y:1 c:Ar and 101 h:63%:{IT}:7 y:1 c:Ar, the
CRM intensity increases to 630 g and 760 g/g NH3, respectively,
with the electricity consumption replacing the catalyst production
as the second highest contributor after the flow cell, with a CS = 1.9
for both scenarios. Full results are reported in SI, Section SX3 and
summarized in Fig. 9.
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Scenario 50 h:63%:{IT}:7 y:1 c:Ar and sensitivity scenario 
50 h:63%:50%PV:7 y:1 c:Ar are also examined by plotting the 
CS of the sub-processes against the CoE in a risk matrix-based 
chart, to evaluate potential correlations and trade-offs associate d
with the production of NH3, as depicted in Fig. 1 0. Electricity 
usage, bearing the highest CoE among the sub-processes, ranks 
third in the CRMs intensity (CS = 1.9) for scenario 50 h:63%: 
{IT}:7 y:1 c:Ar. The flow cell reports the highest consumption 
of CRM while contributing to 20% of the CoE, entailing no sub-
processes appear in the red upper-right portion of the chart, 
associated w ith the highest contribution to the overall potential
burdens (Fig. 1 0). Assuming a hypothetical electricity mix 
composed of 50% energy from photovoltaics, CRM intensity 
increases by 11% (CS = 2.7), of which 88% is due to the higher
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Fig. 8. CoE estimation for the evaluated production and sensitivity scenarios (FU = 1 g NH3); the contribution of NO3
− emissions, wastewater, and solid waste are not displayed

due to their negligible contribution to the overall cost (<1%).

Fig. 9. CRM consumption estimation for scenarios 50 h:63%:{IT}:7 y:1 c:Ar, 71 h:63%:{IT}:7 y:1 c:Ar, and 101 h:63%:{IT}:7 y:1 c:Ar; results reported in terms of criticality-
adjusted mass. CS trends across scenarios for flow cell, catalyst preparation, and electricity consumption are reported. CS = 5.0 corresponds to the highest consumption of
CRMs, attributed to the flow cell for all three considered scenarios.
consumption of aluminium, while the estimated CoE decreases 
by 16%, particularly due to the lowered carbon footprint associ-
ated with the process. While the CoE associated with the con-
sumption of electricity undergoes a 43% reduction when 
switching to a 50% PV-based mix, the overall impacts and CRM
consumption of the process are only minorly affected (<20%
reduction or increase, respectively), therefore a clear trade-off
is in this case not observed. Inventory flows for considered sce-
narios are reported in Section SX3; CS for scenario 50 h:63%:
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{IT}:7 y:1 c:Ar are plotted against sub-processes impacts for all
categories and reported in Figs. S3.18−S3.33.

Following these considerations, the approach, based on the 
SSbD framework, allows to evaluate the E-NO3RR process at labo-
ratory scale under the perspective of criticality and externalities 
assessment, integrating the environmental hotspot analysis with 
economic and supply-chain aspects; the flow cell is identified as 
the highest contributor to the consumption of CRMs, while the 
electricity usage constitutes the highest CoE for the process.
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Fig. 10. CoE estimation plotted against CS: evaluation of 50 h:63%:{IT}:7 y:1 c:Ar and 50 h:63%:50%PV:7 y:1 c:Ar scenarios. The contribution of NO3
− emissions, wastewater,

and solid waste are not displayed due to their negligible contribution to the overall cost (<1%).
4. Conclusion s

This study presents, to the best of our knowledge, the first 
LCA of ammonia production via E-NO3RR at laboratory scale. 
By combining environmental impact assessment, CRM analysis, 
and CoE estimation within an SSbD perspective, the work
provides an early-stage sustainability framework to guide the
development of electrochemical nitrate-to-ammonia technologies
before scale-up.

The results show that the current laboratory-scale process 
entails substantially higher impacts than conventional HB ammo-
nia production, mainly because of the very small amount of ammo-
nia produced per experiment and the consequent high material 
and energy demand per FU. This represents the main limitation 
of the present study and must be considered when interpreting 
the absolute impact values. In this context, the objective of the 
analysis is not to demonstrate th e immediate environmental com-
petitiveness of the technology, but rather to identify the main hot-
spots that should be addressed during future development. A
significant reduction in impacts is expected upon scale-up, when
higher ammonia productivity, longer component lifetimes,
improved electrolyte management and more efficient use of the
electrochemical setup can reduce the contribution of laboratory
infrastructure and consumables per mass of ammonia produced.

At the flow-cell level, PTFE and Ir-MMO were identified as the 
most relevant material hotspots, highlighting the importance of 
reactor architecture, polymer selection, alternative sealing strate-
gies and minimization of CRMs in future cell designs. At the 
ammonia-production level, the 50 h scenario with 63% Faradaic 
efficiency showed the lowest overall environmental burden among 
the investigated cases, despite its lower Faradaic efficiency com-
pared with the 2 h scenario. This result indicates that, under
laboratory-scale conditions, increasing nitrate conversion and
improving the utilization of the experimental setup can be more
beneficial than maximizing Faradaic efficiency alone. For longer
reaction times, electricity consumption became increasingly dom-
inant, emphasizing the need for system-level optimization of aux-
iliary components and balance-of-plant energy demand.

The sensitivity analysis further clarified the most promising 
improvement pathways. Extending catalyst lifetime, increasing 
the RSL of the flow cell, replacing argon with nitrogen, and partially
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powering the process with PV electricity all contributed to reduc-
ing the environmental burden. In the best-case scenario, the com-
bination of these improvements led to a substantial decrease in 
cumulative impacts, confirming that sustainability gains are 
expected to arise from an integrated optimization of materials, 
reactor design and operating conditions. The CoE analysis identi-
fied electricity consumption as the main contributor to external
costs in the most favourable production scenario, while the CRM
assessment highlighted the flow cell as the dominant contributor
to material criticality, mainly because of fluorinated materials
and metal components.

The originality of this study lies in moving beyond a simple CC 
or energy-demand evaluation of nitrate-to-ammonia conversion. 
Instead, it provides a comprehensive ex-ante assessment that 
explicitly includes laboratory infrastructure, flow-cell composition, 
catalyst replacement, auxiliary operations, CRMs, and monetized
externalities. This approach offers actionable design indications
for researchers developing emerging electrochemical technologies
and demonstrates the value of applying LCA already at low TRLs.

Future work should extend this assessment to pilot- and 
industrial-scale process simulations, supported by dedicated 
chemical engineering models. Such studies should account for 
improved ammonia productivity, optimized electrolyte recircula-
tion, longer catalyst and reactor lifetimes, reduced balance-of-
plant energy demand, and renewable electricity integration. These 
future assessments will be necessary to compare E-NO3RR with 
incumbent centralized HB ammonia production and with other
emerging decentralized ammonia synthesis routes. Overall, the
present work establishes a benchmark for the sustainable scale-
up of E-NO3RR and shows that early-stage LCA can play a key role
in steering technology development toward more environmentally
responsible solutions.
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