
ABSTRACT: There is a growing need to develop novel 
technologies that reduce reactive nitrogen concentrations in 
wastewater streams and decrease our reliance on fossil fuel energy 
required to produce N-based chemicals and fertilizers. This study 
conducts a techno-economic analysis (TEA) and a life cycle 
assessment (LCA) of the electrochemical conversion of nitrate ions 
(NO −) present in wastewater to hydroxylamine (NH OH), a 
valuable chemical intermediate. We employ experimental data and 
modeling assumptions to determine NH2OH production costs and 
life cycle emissions for a small-scale facility (producing 1500 kg- 
NH2OH/day) and a large-scale facility (producing 50,000 kg- 
NH2OH/day) integrated into a wastewater treatment plant. The present NH2OH production costs for the small- and large-scale 
facilities are estimated at $6.14/kg-NH2OH and $5.37/kg-NH2OH, respectively. The parameters dominating the electrochemical 
reactor cost are electrolyte, separations, and fixed cost, with their values as $1.48, $0.96, and $0.53/kg. Future cost reduction 
projections indicate that the present NH2OH production costs for the small- and large-scale facilities can be reduced to $2.79/kg- 
NH2OH and $2.06/kg-NH2OH (NH2OH market price = $1.72/kg), respectively, with improvements in the sensitivity analysis 
parameters. LCA results indicate that the proposed electrochemical pathway to produce NH2OH has lower life cycle impacts than 
the conventional pathway. 
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INTRODUCTION 

Population growth has led to the rapid expansion and 
intensification of modern agricultural practices. Modern 
agriculture relies on synthetic fertilizers to provide plant 
nutrients, such as nitrogen (N) to increase crop productivity. 
Since the 1960s, global fertilizer consumption has increased 
from 50 to more than 200 million tons per year,1 and synthetic 
fertilizer production accounts for 2% of the world’s energy 
use.2,3 Modern agriculture is one of the most significant 

The natural nitrogen cycle balance is divided into biological 
nitrogen fixation and high-energy nitrogen fixation. Micro- 
organisms help plants by promoting N fixation from N2 into 

ammonia (NH3)/ammonium ion (NH +) or nitrogen oxides 

(NOx). In biological nitrogen fixation, the nitrogenase enzyme 
(produced by bacteria in leguminous plants) reduces 

atmospheric N2 to NH3/NH +. High-energy N fixation can 
occur due to natural phenomena, which convert atmospheric 
N2 eventually to form nitrate ions (NO −). These oxides  then 

contributors   to  anthropogenic  non-CO greenhouse gas 
3 

5,6 

2 

(GHG) emissions due to emissions from fertilizer nitrous 
oxide (N2O), ammonia (NH3), and methane (CH4). 
Agriculture contributes up to 24% of anthropogenic GHG 
emissions4 through organic decomposition, denitrification, and 
eutrophication processes. Wastewater treatment can reduce 
these emissions but is expensive and produces low-value heat 
and electricity. Electrochemical reduction is an alternative eco- 
manufacturing strategy that can produce high-value chemicals 
like hydroxylamine (NH2OH) from wastewater powered by 
renewable electricity while avoiding environmental impacts. 

Plants need N to form primary biological structures, but 
cannot directly utilize atmospheric nitrogen (N2). They rely on 
natural and artificial nitrogen cycles, as illustrated in Figure 1. 

arrive on the soil along with rain to fertilize the soil. 
Artificial nitrogen fixation techniques are gaining popularity 

in agriculture. The Haber−Bosch process is an artificial 
nitrogen fixation technique that has dominated the industrial 

production of ammonia since its discovery at the beginning of 

the 20th century. This process was a scientific breakthrough, as 
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Figure 1. Simplified nitrogen cycle. Atmospheric N2 becomes available to plants through nitrogen fixation, fertilizer synthesis, nitrification, organic 
decomposition, and high-energy N fixation. Denitrification and eutrophication lead to N losses (derived from Lehnert et al., 20187). 

 

Figure 2. Conventional industrial (Haber−Bosch, Ostwald, and hydrogenation) and proposed eco-manufacturing (electrochemical reduction) 
process for hydroxylamine (NH2OH) production via OD-Ag (oxide-derived Ag) catalyst. 

it was the first time NH3, a highly reactive nitrogen species, was nitrites (NO −) and nitrates (NO −) by nitrification, which can 
synthesized from its two simplest substances, nitrogen and 
hydrogen: N2 and H2. However, seeking an alternative to the 

Haber−Bosch  process  is  essential  to  reduce  its  adverse 

environmental  impacts,  such  as  high  energy   consumption 
and significant CO2 emissions (400 t of CO2 annually, 
equivalent to 1.6% of the global CO2 emissions) mainly due to 

leach from the soil to groundwater. The release of nitrates is a 
significant challenge as it leads to groundwater and surface 
water contamination and eutrophication, resulting in a loss of 

aquatic biodiversity.10 There are various other sources of NO − 

pollution in wastewater, such as nuclear power plants and 
slaughterhouses. Low-level nuclear waste contains the highest 

H2 production from steam methane reforming (SMR), which 
8,9 

concentration of NO − among the listed sources. It contains 
 

dumps CO2 stoichiometrically. 
An alternative to the Haber−Bosch process is producing N- 

based  chemicals  from  reactive  nitrogen,  NO3
−  found  in 

wastewater. Excess fertilizer use results in runoff (and, 

subsequently, groundwater) concentrated in NH3/NH +. Soil 
microorganisms convert nitrogen into different forms, such as 

B 

1.95 M NaNO3 and other chemicals in lower concentrations� 
0.60 M NaNO2 and 1.33 M NaOH.11,12 There is a potential to 
use inexpensive nuclear energy to valorize wastewater from 
nuclear  power  plants  and  manufacture  NH2OH.  Approx- 

imately  150  kg  of  nitrate-nitrogen  (NO −-N)  per  day  was 
discharged into waterways from a typical slaughterhouse in 

https://doi.org/10.1021/acssuschemeng.3c03336 
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2017. This amount of waste NO − could be obtained in from the electrochemical reduction of nitrogen-containing 3 
13 − 30 34 35 36,37 

untreated sewage from a human population  of 14,000. The chemicals,  especially  NO2   using Cu, Fe, Rh, Sn, 

total NO − concentration in wastewater due to the 800 
federally inspected slaughterhouses in the US is around 45,000 

tons of NO −-N per year.14 Thus, a large amount of NO − is 
available in wastewater, providing immense potential for 
conversion to valuable chemicals. 

Soil microorganisms can perform denitrification to convert 

Pd,38 and Pt39 electrodes (details in the SI). Table 1 shows 
results from the literature for the faradaic efficiency of NH2OH 
(FENH2OH) and selectivity from different catalysts and 
electrodes. 

 
 

Table 1. NH2OH Faradaic Efficiency (FE) and Selectivitya 
soil NO − to N via nitric oxide (NO) or nitrous oxide (N O), 

3 2 2 

as illustrated in Figure 1. The intermediate N2O, which has a 
global warming potential of 298 over 100 years, usually finds 
its way into the atmosphere. NO can also escape into the 
atmosphere  and  contribute  to  ozone  layer  depletion.  To 
prevent these direct harmful impacts of NO − and the indirect 
effects of its conversion, it becomes essential to convert it into 
valuable chemicals. The production of chemicals from waste 

NO3
−  would  help  to  reduce  its  harmful  concentrations, 

improve the ecosystem, and reduce our dependence on the 

Haber−Bosch process. Scientists are developing novel 
technologies to reduce emissions associated with  fertilizer 
use in agriculture.15 

This paper focuses on the techno-economic analysis (TEA) 
and life cycle assessment (LCA) of hydroxylamine (NH2OH) 

production from waste NO3
−. NH2OH is an essential chemical 

intermediate with an annual production capacity of 800,000 
tons.16 Over 95% of the produced NH2OH is utilized to 
produce its isomers caprolactam and cyclohexanone oxime 
(C6H11NO), intermediates in synthesizing nylon-6, a widely 
used polymer for manufacturing fibers.16 The conventional 
industrial process for NH2OH production and an alternative 
eco-manufacturing process are illustrated in Figure 2. The 
proposed  alternative   process  involves  the  electrochemical 
reduction of waste NO − found in wastewater streams from 
slaughterhouses, agricultural runoff, and nuclear power plants 
to NH2OH. 

Electrochemical processes are typically executed at ambient 
temperature and pressure, thus requiring mild operating 
conditions and a low process energy. The electricity for 
electroreduction can be obtained from renewable sources, such 
as wind and solar power, to make the process sustainable. Kani 
et  al.  (2021)  utilized  solar  energy  for  the  NO3

−  electro- 
reduction (NO3ER) to NH3 using oxide-derived Co as the 
catalyst. They obtained a high NH3 faradaic efficiency (FENH3) 

of 92.37 ± 6.7% and a high solar-to-fuel efficiency of 11%.17 

Many researchers have performed NO3ER using various 
cathode materials  as catalysts  like Fe,18  Ir-deposited  carbon fiber  electrode,19   Pd/Sn/Au  electrodes,20   Sn-modified  Pt 

 

NH2OH 

 
 
 
 
 
 
 

aNot available (na). 
 

 

 

There are a few studies on the TEA of electrochemical 
systems. The US Department of Energy (DOE) developed the 
benchmark Hydrogen Analysis (H2A) that calculates the 
production costs of H2 and compares different H2-producing 
technologies. The models require the desired internal rate of 
return (IRR), lifetime, and other parameters as the input. It 
provides the H2 selling cost in $/kg of H2 produced as the 
output. The H2A models have been adapted by researchers 
synthesizing other chemicals via similar electrochemical 
technologies.40 Colella et al. (2014) used the DOE H2A 
model to assess the economic feasibility of current and future 
PEM electrolysis systems.41 

A few models in the literature perform TEA of the CO2 
electroreduction (CO2ER) pathways to various chemicals. 
They include Leow et al.,42 Bushuyev et al.,43 Ozden et al.,44 
Verma et al.,45 Jouny et al.,46 Shin et al.,47 and Na et al.48 
Gomez and Garzon used their model for NH3 production cost 
calculation,49 and James et al. used it for solid oxide fuel cells 
(SOFC) and proton exchange membrane systems (PEMs).50 
(details in the SI) 

METHODOLOGY 

Techno-Economic Analysis of the Haber−Bosch 
Process. The conventional industrial method to produce 
NH2OH is depicted in Figure 2. It consists of the Haber− 
Bosch process, the Ostwald process, and the NO hydro- 
genation. The TEA of the Haber−Bosch process was adapted 
from Wang et al.,51 and the market price of NH2OH ($1.72/ 

electrode,21 and Pt22 and obtained multiple products, including 
kg) is used as the cost of the conventional industrial route (see 
the SI for more details).52 NO −,2222 NH ,19 and N .19,20 There is an increasing interest 

2 3 2 Techno-Economic Analysis of the Eco-Manufacturing in synthesizing HNO 23 and NH using TiO nanotubes,24 a 
3 

25 
3 2 Process Description of the NH2OH Production Pathway. 

cobalt macrocycle complex, Cu50Ni50 alloy,26 Fe single-atom NH OH from NO − follows a two-step electrochemical 
catalyst,27 Cu-based catalysts,28−31 and Sn32 via waste NO − 2 

−
3 

− 

3 process. First, NO3 is converted to NO2 ; in the next step, 
instead of producing from the stable and inert molecule, N2. A NO2

− is converted to NH2OH, as illustrated in eqs 1 and 2. 
comprehensive literature review is provided in the Supporting NO   + 2e + 2H+ NO + H O 

   

 

 (1) 
Information (SI). Liu et al. used an oxide-derived Ag (OD-Ag) 
electrocatalyst for converting NO −  to NO −. They  obtained 3 2 2 

 

 3 2 
−

 NO2  + 4e  + 4H2O NH2OH + 5OH (2) 
98% selectivity and 95% faradaic efficiency of NO2 

(FENO2−).33  Further  reduction  of   NO2
−   to   NH4

+    was 
performed,  and  they  could  achieve  faradaic  efficiency  of 

The rate-determining step in the electroreduction of NO3
−

 
is its reduction to NO −, as illustrated in eq 1. 

NH +, FE  NH4+ as 89%. They also designed an innovative 
2 

The proposed eco-manufacturing process to produce 

combined electrocatalytic−catalytic process for the NO3ER 
and achieved 95+% reduction to N2 while producing negligible 
NOx gases. There is an increasing focus on producing NH2OH 

NH2OH depicted in Figure 2 is illustrated in detail in Figure 
3. The figure shows that the entire process is divided into four 

subsystems.  The  conversion  of  NO −-rich  wastewater  to 

N 
FE (%) 

H2OH selectivit 
(%) 

y electrocatalyst/electrode 
used 

 
ref 

93 na FeN5H2 34 

na 83 Pt and PtSn 36 

na 25 Pt with Ge 39 

60 na Pt, Pd, and Pt+Pd with Ge 38 
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Figure 3. Process system for NO3
− conversion to NH2OH, along with the considered system boundary (in dotted lines) 

NH2OH  occurs  in  four steps:  wastewater  treatment, NO − system. The model is built with the help of previous TEA 
concentration, NO −  reduction, and NH OH separation. studies  of  electrochemical  processes  by  Verma  et  al.,55 

3 2 Ainscough et al.,56 and James et al.57 The TEA results 
The following text details the TEA methodology followed to 

calculate the cost for these subsystems. 

Wastewater Treatment Unit. We obtain the cost  of 
small- and large-scale wastewater treatment plants from 
Hernandez-Sancho et al. (2011). The technology chosen for 
wastewater treatment is activated sludge, which removes 
suspended impurities from incoming wastewater. Table  2  
lists the wastewater treatment costs obtained from the 

reference study, with their units converted to  $ . 
  kg NH2OH  

Table 2. Wastewater Treatment Cost for Small- and Large- 
Scale Facilities 

presented here are preliminary estimates for a conceptual nth 

plant design. An nth plant design assumes that all technical and 
engineering breakthroughs required for commercialization 
have been achieved, and the process operates as an industrially 
mature technology. 

The NH2OH production cost and its breakdown are plotted 
in Figure S2 (methodology detailed in the SI). We obtained 
the same production cost for both scenarios considered. Thus, 
we did not find any cost reduction due to economies of scale. 
Orella et al. also mention the same result and state that the 
effect of economies of scale on production cost is unclear due 
to a limited number of large-scale electrochemical plants.54 

small-scale 
facility 

large-scale 
facility 

The results are discussed in the Results and Discussion section. 
NH2OH   Separation   Unit.   The  unit  process  shown  in 

wastewater treatment costs in 
  $  

kg NH2OH 

2.09 1.48 Figure 3 is the NH2OH separation unit. As shown in Figure S4, 
we assume a membrane-operated ED unit similar to that we 

had for the NO − concentration (Figure S1). 

NO3
− Concentrating Unit. The unit process shown in 

Figure  3  is  the  NO −  concentrating  unit.  We  assume  a 
membrane-operated electrodialysis (ED) unit, as depicted in 

Figure S1, to concentrate the NO − ions present in wastewater. 
ED uses  electricity to separate a stream containing  dissolved 

The TEA of this unit was conducted based on the analysis 
by Vineyard et al. and their companion study, which we also 

used for the TEA of the NO − concentration unit.58,59 For the 
small-scale  facility,  we  obtained  the  ED  life  cycle  cost  as 
      $ 0.13 . For the large-scale facility, we obtained the ED life 

 

ions into a concentrated and dilute stream at atmospheric 2       $ 0.09  

pressure. The concentrating step becomes necessary as the wastewater is too dilute in NO − to be sent to the NO ER unit. 
cycle cost as 

kg NH OH 
. 

3 3 Life Cycle Assessment (LCA). LCA is a methodological 
Based on personal communication with Dr Shuang Gu, the ED 
unit increases the NO − concentration from 7.14 mM to 2 framework to estimate the environmental emissions and 

3 

M.53 
impacts on human health of a product or a chemical 
throughout its life cycle. It is also used to compare different 

For the small-scale facility, we obtained the ED life cycle 
cost  as    $ 0.13 based on the assumptions listed in the SI, 

kg NH2OH 

which also shows the detailed calculation. For the large-scale 

facility, we obtained the ED life cycle cost as     $ 0.09 . 
kg NH2OH 

NO3
−  Reduction  Unit.  The following unit process shown 

in Figure 3 is the NO − reduction unit. This work builds upon 

products based on their life cycle environmental impacts and 
thus can effectively guide the production of more sustainable 
products. The life cycle of a product (referred to as “Cradle to 
Grave”) begins with raw materials extraction, followed by 
manufacturing, transport, and use, and ends with waste 
management. 

Goal and Scope Definition. The first step in beginning an 3 
33 LCA study is writing the goal and scope statements. The goal 

the results of Liu et al. and preliminary experiments by Yifu. 
Liu et al. performed the electroreduction of NO − to NO − of this LCA study is to calculate the environmental impacts of 

3 2 

using an OD-Ag electrocatalyst. The electrochemical cell’s 
experimental data and design parameters, taken as the input for 
our TEA model, are listed in Table S2. 

Cost Estimate for NH2OH.  To the best of our knowledge, 
this is the first TEA and LCA study calculating the NH2OH 

production  cost  using  wastewater  (containing  NO −)  as  a 
feedstock. We conduct a TEA of our electrochemical 
conversion system and calculate the NH2OH production  
cost by adapting the general electrochemical TEA model 
developed by Orella et al. (2020).54 Their MATLAB-based 
model can perform a preliminary TEA of an electrochemical 

D 

the proposed eco-manufacturing route to produce NH2OH in 
a wastewater treatment plant in Iowa. The reason for the study 
is to determine if the proposed alternative method of 
producing NH2OH is a sustainable option compared to the 
most   prevalent   route   of   making   almost   every N-based 

chemical, the Haber−Bosch process. The obtained results are 
thus  compared  with  the  conventional  method  of NH2OH 
production. Scope answers the question, “what is included in 
the study?” by defining the functional unit, product system 
studied, and system boundary considered. The functional unit 
we used for this study is “1 kg of NH2OH produced”. 

https://doi.org/10.1021/acssuschemeng.3c03336 
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Life Cycle Inventory. The next step is to determine a life 
cycle inventory (LCI) consisting of the input and output data 
for each unit process within the product system, as obtained 
from the literature or simulation calculations. Inventory data 
for this study were obtained from balanced chemical reactions, 
our preliminary TEA model, and the literature, which are 
scaled to the functional unit: 1 kg of NH2OH produced. We 
performed a “Cradle to Gate” analysis, focusing on the system 
from resource extraction to transport and not including the use 
and waste management phases of NH2OH. We used openLCA 
1.11.0 to perform an LCA of the conventional industrial route 
and the proposed pathway using Tool for Reduction and 
Assessment of Chemicals and Other Environmental Impacts 
(TRACI) 2.1 as the impact assessment method, which 
evaluates these impact categories: acidification, carcinogenics, 
ecotoxicity, eutrophication, fossil fuel depletion, global 
warming, noncarcinogenics, ozone depletion, respiratory 
effects, and smog. The life cycle impacts for these impact 
categories are discussed in the Results section. 

Some studies comparing the electrocatalytic pathway of 
manufacturing chemicals with the conventional routes (fossil 
fuel-based and biocatalytic) based on their environmental 
emissions (detailed literature review in the SI) have been 
referred to for this study. These studies report the emissions 
from various products of CO2ER (carbon emissions)60 or a 
particular product such as formic acid (carbon emissions and 
fossil resources consumption)61,62 or dimethyl carbonate 
(global warming potential).63 

To the best of the authors’ knowledge, there are no previous 
literature studies on the TEA and LCA of NH2OH production 

via electrochemical NO3
−  reduction. We developed a TEA 

model using experimental data and modeling assumptions to 
fill this gap to calculate the NH2OH production cost based on the alternate proposed pathway depicted in Figure 2. Based on 

the conventional industrial route (Figure 2) in Iowa, as 
obtained from openLCA. The conventional pathway for the 
small- and large-scale facilities is a combination of wastewater 
treatment and NH2OH production. The impacts of NH2OH 
production are obtained from openLCA, and those for the 
wastewater treatment unit are obtained from Jeong et al.67 We 
then compare these life cycle impacts to those obtained for the 
proposed pathway in Tables S11 and S12. 

LCA of the Proposed Eco-Manufacturing Route. 
Figure 3 shows the process system studied and the overall 
system boundary (in dotted lines). The individual processes 
inside the system boundary are called unit processes and are 
reviewed in detail, and their LCA results are summed up to 
conduct an LCA of the entire system. 

Wastewater Treatment Unit. As mentioned in the LCA 
literature review section in the SI, we obtained the LCA results 
for the wastewater treatment from Jeong et al.67 Table S5 
shows the life cycle impacts per kg-NH2OH produced. 

NO3
−   Concentrating   Unit.   Vineyard   et   al. (2021) 

conducted an LCA of an NH4
+ concentrating unit using 

TRACI 2.1, and their results are used as a reference for NO3
− 

concentrating   unit.58   We   follow   their   methodology and 
calculate the energy consumption for this unit (details in the 
SI), which is then used to evaluate the life cycle environmental 
impacts. The LCA results for electricity obtained from the US 
average grid, solar photovoltaics (PV), and Midwest electricity 
are shown in Table S6 (for the small-scale facility) and Table 
S7 (for the large-scale facility). We observe that solar PV 
electricity has the least environmental impact for each impact 
category compared to the two grid scenarios. For both 
production scenarios, the Midwest electricity grid has higher 
life cycle emissions than the US average for most impact 
categories. 

NO − Reduction Unit. The following unit process shown 
3 

−
 

this model, we calculate the cost for two NH2OH production in Figure 3 is the NO3 reduction unit. Figure S5 shows its 

facilities integrated with a wastewater treatment unit. This 
integration would help the wastewater treatment plant owners 
earn extra revenue by selling the produced NH2OH. We 
considered two scenarios: a small-scale facility producing 1500 
kg-NH2OH/day and a large-scale facility producing 50,000 kg- 
NH2OH/day. These production rates are based on the DOE 
H2A model.40 We compared the NH2OH production cost 
from the alternate proposed pathway (for both facilities) to the 
production cost via the conventional pathway (NH2OH 
market price). We conduct a sensitivity analysis to identify  
key TEA parameters affecting production costs. Then, we 
estimate the projected costs of electrochemical NH2OH based 
on combined TEA improvements. Finally, we perform an LCA 
of electrochemical NH2OH production scenarios and compare 
it to the conventional method. 

The conventional method to produce NH2OH is depicted in 
Figure 2. It consists of steam methane reforming, the Haber− 
Bosch process, the Ostwald process, and the NO hydro- 
genation. A few studies compared the emissions from the 
Haber−Bosch process to other pathways.64−66 

As shown in Figure 3, the first unit process for the alternate 
pathway is the wastewater treatment unit. We obtained the 
LCA results for this unit from a study by Jeong et al., who 
evaluated the environmental impacts of the centralized water 
system of Atlanta, Georgia.67 The results are discussed in the 
wastewater treatment unit section. 

LCA  of the  Conventional Industrial  Route. Table  S4 
shows the life cycle impacts of producing 1 kg NH2OH using 

process schematic along with the considered system boundary. 
The process system is adapted from Dominguez-Ramos et al. 
(2015) and Orella et al. and described in the SI.68,54 We 
performed LCA for this unit and evaluated the environmental 
impacts for the two production scenarios shown in Table S8. 
Here, we also obtained a similar trend of reduced life cycle 
impacts from solar PV electricity and higher impacts for the 
Midwest grid compared to the US average grid, as we observed 
in the NO3

− concentration unit. The impacts obtained for the 

reduction unit were higher than the NO −  concentration unit 
for all of the scenarios due to higher electricity consumption. 

NH2OH Separation Unit. We again follow the method- 
ology from Vineyard et al. (2021) to evaluate environmental 
impacts for our NH2OH separation ED unit, and the results 

are presented in Tables S9 and S10.58 

RESULTS AND DISCUSSION 

Techno-Economic Analysis. We discuss the TEA results 

of the NO − reduction unit in detail in this section. The 
NH2OH  production  cost  is  obtained  as  $3.79/kg. The 
parameters dominating the cost are electrolyte, separations, 
and fixed cost, with their values being $1.48, $0.96, and $0.53/ 
kg, respectively. We performed a sensitivity analysis for both 

reduction  steps  (NO3
−  and  NO2

−  reduction)  to  assess the 
potential production cost reduction and discover the 
parameters influencing it. We considered the separation factor 
(the cost of separating and recycling the solvent, electrolyte, 
and unreacted reactants), lifetime, conversion, electricity price, 
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Figure 4. NH2OH production cost sensitivity analysis to key techno-economic parameters. 

 

Figure 5. Potential for cost reduction of the NO − to NH OH pathway based on improvements to the separation factor, project lifetime, electricity 
2 2 

price, product faradaic efficiency, and catalyst loading. 

product FE, and catalyst loading as the sensitivity analysis 
parameters. The final projected NH2OH production cost was 
calculated by subtracting the present cost with the possible 
reductions due to improved parameters and plotted in a 
waterfall chart. The assumed optimistic, base-case, and 

Table 3. TEA Comparison of the Present and Optimistic 
Costs of Small- and Large-Scale Eco-Manufacturing 
Pathways 

optimistic production 

pessimistic scenarios for some of the parameters for sensitivity 
analysis are specified in Table S3. 

cost 
($/kg-NH2OH produce- 

d) 

present production cost 
($/kg-NH2OH produce- 

d) 

Figure 4 shows the sensitivity of the NH2OH production 
costs to key model parameters. As shown in Figure 4, the 
separation factor has the most considerable impact on the 
production cost, resulting in its most significant reduction, 
followed by lifetime, conversion, and product FE. A detailed 
analysis is provided in the SI. 

Figure 5 shows the possible reductions in the NH2OH 
production cost, as estimated by the sensitivity analysis. The 
projected cost in the rightmost bar in both figures shows the 
minimum possible cost considering the cumulative cost 
reductions due to the parameters. It can be seen from Figure 
5 that the present cost of NH2OH production, $3.79/kg, can 
be reduced by 53% to $1.75/kg (the separation factor is 
responsible for half of the reduction), considering the 
technological advancements in the parameters. Considering 
the sensitivity analysis results from the first reduction step 
(NO −  reduction to  NO −),  we obtain a  projected  NH OH 

unit process name small-scale large-scale small-scale large-scale 

pretreatment 2.09 1.48 2.09 1.48 

NO − concentration 0.1 0.07 0.13 0.09 

NO − reduction 0.5 0.5 3.79 3.79 

NH2OH separation 0.10 0.011 0.13 0.014 

Total 2.79 2.06 6.14 5.37 

TEA Comparison of the Conventional and Proposed 
Pathways. Table 3 shows that the present costs of both 
scenarios are higher than the NH2OH market price, of $1.72/ 
kg.52 However, after considering future technological improve- 
ments in parameters such as electricity price, conversion, 
faradaic efficiency, lifetime, separation factor, and catalyst 
loading, it is possible to reduce the production cost in a large- 
scale facility to $2.06/kg. This projected NH2OH cost is  very 
close   to   its   market  price,  which   shows  that   the  eco- 

3 2 2 

production cost of $0.5/kg. Figure S3 shows the possible 

reductions in the NO2
− production cost, as estimated by the 

sensitivity analysis. 
The total costs ($/kg) for the electrochemical reactor of the 

small- and large-scale facilities are mentioned in Table 3 and 
compared for the present and optimistic scenario. 

manufacturing pathway can be economically feasible in the 
future, if not at present. Thus, our analysis is promising and 
suggests future research for improving the considered 
parameters. These results show that the potential for 
enhancing production costs is massive and a competitive 
market price is attainable. For the small-scale scenario, the 
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Figure 6. Life cycle emission contributions from the unit processes (using TRACI 2.1 in openLCA) for I. A small-scale facility (1500 kg  NH2OH ) 
using (a) midwest grid electricity, (b) US avg. grid electricity, (c) solar PV electricity and II. A large-scale facility (50, 000 kg  NH2OH ) using (d) 

midwest grid electricity, (e) US avg. grid electricity, (f) solar PV electricity. 

present cost is 6.14/kg. The wastewater treatment plant must 
spend an extra cost to produce NH2OH. This additional cost 
(calculated as a difference between total cost and wastewater 
treatment plant cost) equals $4.05/kg and $3.89/kg for small- 
scale and large-scale facilities, respectively. These values are 

consumption of units (mentioned in Table 4) and observed 

that the electricity consumption decreases in this order: NO3
−

 
 

 

Table 4. Calculated Electricity Consumption of Units 

higher than the NH2OH market price of $1.72/kg, suggesting 
that integrating a wastewater treatment plant and an 

unit process 
name 

electricity consumption for 
a small-scale facility 
(kWh/kg-NH2OH) 

electricity consumption for 
a large-scale facility 
(kWh/kg-NH2OH) 

electrochemical NH2OH production process is not econom- 
ically feasible yet. The current total costs for the small- and 
large-scale scenarios could be reduced by around 60% due to 
future  technological  improvements.  This  cost  reduction  is 
significant and encourages future research into integrating 

wastewater treatment plants and simultaneous NO − reduction 
to  NH2OH.  The  total  cost  ($)  of  the  entire  NH2OH 
production facility is shown in Table S3. 

NO − 

concentrating 
unit 

NO − reduction 
unit 

NH2OH 
separation 
unit 

1.33 0.72 

 

2.06 2.06 

 
1.33 0.13 

Life Cycle Assessment Results. Figure 6 shows the  
relative magnitudes of the life cycle impacts of small- and large- 
scale facilities for different electricity-source scenarios. For the 

small-scale  facility  (Figure  6a−c),  we  observe  a  consistent 
trend: the wastewater treatment unit has the highest life cycle 

impacts,  followed  by  the  NO3
−   reduction  unit, NO3

−
 

concentration  unit,  and  NH2OH  separation  unit.  The  life 

reduction, NO3
− concentration unit, and NH2OH separation 

unit. The LCA results of the wastewater treatment unit (for 
both scales) are obtained from a literature study discussed in 
the Methodology section. Thus, we did not calculate its 
electricity  consumption.  For  the  large-scale  facility (Figure 
6d−f), the highest life cycle impacts were obtained for the 
wastewater treatment unit, followed by the NO − reduction 

cycle impacts are directly related to the electricity con- unit, NO − 
3 

concentration unit, and NH2OH separation unit. 

sumption−higher electricity consumption of a unit leads to its 
higher life cycle impacts. We calculated the electricity 

G 

This trend is also due to the electricity consumption of the 
units in that order. A common observation for both small- and 
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large-scale facilities is that the wastewater treatment unit 
dominates the life cycle impacts for most of the impact 
categories. Solar PV electricity has the least impact out of the 
three electricity scenarios considered, which suggests that the 
life cycle impacts of the proposed eco-manufacturing method 
could be reduced if we use renewable energy to power the 
system. 

A comparison of the small- and large-scale facilities shows 
that the latter facility always has lower life cycle impacts (on a 
per kg-NH2OH basis), as shown in Tables S11 and S12. Thus, 
on a per unit production basis, it is environmentally friendly to 
produce NH2OH on a larger scale of 50,000 kg/day instead of 
1500 kg/day due to the lower electricity consumption on a 
large scale. 

LCA Comparison of the Conventional and Proposed 
Pathways. We now compare the LCA results of the proposed 
pathway to the conventional one. For this, we combined the 
results for each unit described above to evaluate the total 
environmental impacts of the proposed pathway. Tables S11 
and S12 show these total life cycle impacts. The results shown 
under the column “proposed pathway” are the sum of results 

from Tables S5−S10. The impacts from the conventional 

pathway include the wastewater treatment process and the 
hydroxylamine production process obtained from openLCA, as 
mentioned in the LCA of the Conventional Industrial Route 
section. The comparison results are also shown in Figure S6. 
For both small- and large-scale facilities, the proposed pathway 
has lesser environmental impacts than the conventional 
pathway for all of the impact categories. Comparing  the  
three electricity scenarios, we observe that Midwest electricity 
has the highest impact, followed by US average grid and solar 
PV electricity, resulting from their different electricity mix 
compositions in openLCA. The life cycle impacts of the 
electricity scenarios per kWh (in the openLCA database) show 
the same trend as that obtained in our results. The openLCA 
database gathers the emission data for different electricity 
technologies from the EPA website.69 The solar PV scenario 
has fewer emissions than the conventional pathway for both 
scales, with most impacts being less than 50% of the latter. 
Therefore, we conclude that the proposed small- and large- 
scale pathways have lesser environmental impacts than the 
conventional pathway for all scenarios. 

Conclusions and Future Work. Concerns about the 
environmental impacts of increasing nitrogen emissions and 
concentrations in wastewater streams exist. However, our 
analysis shows that wastewater containing NO − can be 
converted electrochemically to NH2OH using renewable 
electricity. We calculated the NH2OH production cost based 
on a 1500 kg/day small-scale NH2OH production facility and a 
50,000 kg/day large-scale NH2OH production facility. 
According to the authors’ knowledge, this is the first TEA 
and LCA study calculating the cost and life cycle impacts of 
using wastewater (containing NO3

−) as a feedstock for 
NH2OH production. The conclusions and future work from 
the study are listed below: 

(1) Based on the current laboratory data, an NH2OH 
production cost of $6.14/kg is estimated for the small- 
scale facility, and $5.37/kg is estimated for the large- 
scale facility. We found that the technical performance 
parameters of electrochemical cells, including the 
separation factor, lifetime, and conversion, are the  
most influential factors in the final production cost 

 
H 

from the sensitivity analysis. A parameter improvement 
results in a lower (large-scale) NH2OH production cost 
of $2.06/kg, close to its market price of $1.72/kg. The 
preliminary TEA conducted here suggests that produc- 
ing economically feasible NH2OH from wastewater 
containing NO − could be possible in the future. 

(2) The LCA results presented here suggest that the 
proposed eco-manufacturing pathway produces less 
environmental impact than the conventional pathway 
for the small- and large-scale facilities, meaning that 
producing NH2OH from wastewater containing NO − is 
environmentally friendly too. Thus, there is a promising 

opportunity to convert waste NO − into an important 
chemical intermediate and to reduce the dependency on 

the Haber−Bosch process. 
(3) Future work would involve using process modeling 

software such as Aspen Plus to calculate mass and energy 
balance for the system, both of which were developed 
from a TEA model from the literature. 

 

ASSOCIATED CONTENT 

*sı     Supporting Information 
The Supporting Information is available free of charge at 
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c03336. 

Introduction; methodology of TEA and LCA; process 
schematic of electrodialysis units; production cost 
distribution figure; production cost reduction potential 
figure; life cycle impact tables for conventional industrial 
process; and all unit processes of the proposed pathway 
(PDF) 

 

AUTHOR INFORMATION 
Corresponding Author 

Mark Mba Wright − Department of Mechanical Engineering, 
Iowa State University, Ames, Iowa 50011, United States; 
Bioeconomy Institute, 1140 Biorenewables Research 
Laboratory, Ames, Iowa 50011, United States; orcid.org/ 
0000-0003-1468-2391; Email: markmw@iastate.edu 

Authors 
Manish Mosalpuri − Department of Mechanical Engineering, 

Iowa State University, Ames, Iowa 50011, United States 
Wenzhen Li − Department of Chemical and Biological 

Engineering, Iowa State University, Ames, Iowa 50011, 
United States; Bioeconomy Institute, 1140 Biorenewables 
Research Laboratory, Ames, Iowa 50011, United States; 

orcid.org/0000-0002-1020-5187 

Complete contact information is available at: 
https://pubs.acs.org/10.1021/acssuschemeng.3c03336 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENTS 

The authors thank Hengzhou and Yifu for their experimental 
results and guidance throughout the project. They also thank 
National Science Foundation (NSF) for funding this research 
under Award Number 2036944. 

REFERENCES 
(1) Zhang, X.; Zou, T.; Lassaletta, L.; Mueller, N. D.; Tubiello, F. 

N.; Lisk, M. D.; Lu, C.; Conant, R. T.; Dorich, C. D.; Gerber, J.; Tian, 

 
https://doi.org/10.1021/acssuschemeng.3c03336 

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c03336?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03336/suppl_file/sc3c03336_si_001.pdf
https://orcid.org/0000-0003-1468-2391
https://orcid.org/0000-0003-1468-2391
mailto:markmw@iastate.edu
https://orcid.org/0000-0002-1020-5187
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c03336?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c03336?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as


ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article 

ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX 

 

 

H.; Bruulsema, T.; Maaz, T. M. C.; Nishina, K.; Bodirsky, B. L.; Popp, 

A.;  Bouwman,  L.;  Beusen,  A.;  Chang,  J.;  Havlík,  P.;  Leclere, D.; 

Canadell, J. G.; Jackson, R. B.; Heffer, P.; Wanner, N.; Zhang, W.; 
Davidson, E. A. Quantification of global and national nitrogen 

budgets for crop production. Nat. Food. 2021, 2 (2), 529−540. 

(2) Sutton, M. A.; Bleeker, A.; Howard, C. M.; Bekunda, M.; 
Grizzetti, B.; de Vries, W.; van Grinsven, H. J. M.; Abrol, Y. P.; Adhya, 

T. K.; Billen, G.; Davidson, E. A.; Datta, A.; Diaz, R.; Erisman, J. W.; 
Liu, X. J.; Oenema, O.; Palm, C.; Raghuram, N.; Reis, S.; Scholz, R. 

W.; Sims, T.; Westhoek, H.; Zhang, F. S. Our Nutrient World: The 
Challenge to Produce more Food and Energy with Less Pollution. Global 
Overview of Nutrient Management; Centre for Ecology and Hydrology, 

Edinburgh on behalf of the Global Partnership on Nutrient 
Management and the International Nitrogen Initiative, 2013. 
(3) Walling, E.; Vaneeckhaute, C. Greenhouse gas emissions from 

inorganic and organic fertilizer production and use: A review of 

emission factors and their variability. J. Environ. Manage. 2020, 276, 

No. 111211. 
(4) Masson-Delmotte, V.; Zhai, P.; Pörtner, H.-O.; Roberts, D.; 

Skea, J.; Shukla, P. R.; Pirani, A.; Moufouma-Okia, W.; Péan, C.; 

Pidcock, R.; Connors, S.; Matthews, J. B. R.; Chen, Y.; Zhou, X.; 

Gomis, M. I.; Lonnoy, E.; Maycock, T.; Tignor, M.; Waterfield, T. 

Global warming of 1.5 °C; Cambridge University Press, 2018. 
(5) Zeng, Y.; Priest, C.; Wang, G.; Wu, G. Restoring the Nitrogen 

Cycle by Electrochemical Reduction of Nitrate: Progress and 

Prospects. Small Methods 2020, 4, 1−28. 

(6) Min, B.; Gao, Q.; Yan, Z.; Han, X.; Hosmer, K.; Campbell, A.; 
Zhu, H. Powering the Remediation of the Nitrogen Cycle: Progress 
and Perspectives of Electrochemical Nitrate Reduction. Ind. Eng. 
Chem. Res. 2021, 60 (41), 14635−14650. 
(7) Lehnert, N.; Dong, H. T.; Harland, J. B.; Hunt, A. P.; White, C. 

J. Reversing nitrogen fixation. Nat. Rev. Chem. 2018, 2, 278−289. 
(8) Erisman, J. W.; Sutton, M. A.; Galloway, J.; Klimont, Z.; 

Winiwarter, W. How a century of ammonia synthesis changed the 

world. Nat. Geosci. 2008, 1, 636−639. 

(9) Liu, H. Ammonia synthesis catalyst 100 years: Practice, 
enlightenment and challenge. Cuihua Xuebao/Chin. J. Catal. 2014, 

35, 1619−1640. 
(10) Lehnert, N.; Coruzzi, G.; Hegg, E.; Seefeldt, L.; Stein, L. 

Feeding the World in the 21st Century: Grand Challenges in the Nitrogen 
Cycle; National Science Foundation, 2015; NSF AWARD1550842. 
(11) Genders, J. D.; Hartsough, D.; Hobbs, D. T. Electrochemical 

reduction of nitrates and nitrites in alkaline nuclear waste solutions. J. 
Appl. Electrochem. 1996, 26 (1), 1−9. 

(12) van Langevelde, P. H.; Katsounaros, I.; Koper, M. T. M. 
Electrocatalytic Nitrate Reduction for Sustainable Ammonia Produc- 

tion. Joule 2021, 5 (2), 290−294. 

(13) Burkhart, K.; Bernhardt, C.; Pelton, T.; Schaeffer, E.; Phillips, 
A. Water Pollution from Slaughterhouses. Environ. Integr. Proj. 2018, 

1−36. 

(14) Corkery, M.; Yaffe-Bellany, D. The Food Chain’s Weakest 
Link- Slaughterhouses, 2020 https://www.nytimes.com/2020/04/ 

18/business/coronavirus-meat-slaughterhouses.html ( last accessed- 

May 15, 2023). 

(15) Northrup, D. L.; Basso, B.; Wang, M. Q.; Morgan, C. L. S.; 
Benfey, P. N. Novel technologies for emission reduction complement 
conservation agriculture to achieve negative emissions from row-crop 

production. Proc. Natl. Acad. Sci. U.S.A 2021, 118 (28), 1−7. 

(16) Compound Summary. Hydroxylamine. PubChem, National 
Library of Medicine, National Center for Biotechnology Information. 

https://pubchem.ncbi.nlm.nih.gov/compound/Hydroxylamine. (last 

accessed- May 15, 2023). 

(17) Kani, N. C.; Gauthier, J. A.; Prajapati, A.; Edgington, J.; 
Bordawekar, I.; Shields, W.; Shields, M.; Seitz, L. C.; Singh, A. R.; 
Singh, M. R. Solar-driven electrochemical synthesis of ammonia using 

nitrate with 11% solar-to-fuel efficiency at ambient conditions. Energy 

Environ. Sci. 2021, 14 (12), 6349−6359. 

I 

(18) Li, M.; Feng, C.; Zhang, Z.; Yang, S.; Sugiura, N. Treatment of 
nitrate contaminated water using an electrochemical method. 

Bioresour. Technol. 2010, 101 (16), 6553−6557. 

(19) De, D.; Kalu, E. E.; Tarjan, P. P.; Englehardt, J. D. Kinetic 
studies of the electrochemical treatment of nitrate and nitrite ions on 
iridium-modified carbon fiber. Chem. Eng. Technol. 2004, 27 (1), 56− 
64. 
(20) Tada, K.; Kawaguchi, T.; Shimazu, K. High electrocatalytic 

performance of Pd/Sn/Au electrodes for nitrate reduction. J. 
Electroanal. Chem. 2004, 572 (1), 93−99. 

(21) Yang, J.; Duca, M.; Schouten, K. J. P.; Koper, M. T. M. 
Formation of volatile products during nitrate reduction on a Sn- 
modified Pt electrode in acid solution. J. Electroanal. Chem. 2011, 662 
(1), 87−92. 

(22) Fajardo, A. S.; Westerhoff, P.; Sanchez-Sanchez, C. M.; Garcia- 
Segura, S. Earth-abundant elements a sustainable solution for 
electrocatalytic reduction of nitrate. Appl. Catal. B Environ. 2021, 
281, No. 119465. 
(23) Wang, Y.; Yu, Y.; Jia, R.; Zhang, C.; Zhang, B. Electrochemical 

synthesis of nitric acid from air and ammonia through waste 

utilization. Natl. Sci. Rev. 2019, 6 (4), 730−738. 

(24) Jia, R.; Wang, Y.; Wang, C.; Ling, Y.; Yu, Y.; Zhang, B. Boosting 
Selective Nitrate Electroreduction to Ammonium by Constructing 
Oxygen Vacancies in TiO2. ACS Catal. 2020, 10 (6), 3533−3540. 

(25) Xu, S.; Ashley, D. C.; Kwon, H. Y.; Ware, G. R.; Chen, C. H.; 
Losovyj, Y.; Gao, X.; Jakubikova, E.; Smith, J. M. A. flexible, redox- 
active macrocycle enables the electrocatalytic reduction of nitrate to 

ammonia by a cobalt complex. Chem. Sci. 2018, 9 (22), 4950−4958. 

(26) Wang, Y.; Xu, A.; Wang, Z.; Huang, L.; Li, J.; Li, F.; Wicks, J.; 
Luo, M.; Nam, D. H.; Tan, C. S.; Ding, Y.; Wu, J.; Lum, Y.; Dinh, C. 
T.; Sinton, D.; Zheng, G.; Sargent, E. H. Enhanced Nitrate-to- 
Ammonia Activity on Copper-Nickel Alloys via Tuning of 

Intermediate Adsorption. J. Am.  Chem.  Soc.  2020, 142 (12), 5702− 
5708. 
(27) Wu, Z. Y.; Karamad, M.; Yong, X.; Huang, Q.; Cullen, D. A.; 

Zhu, P.; Xia, C.; Xiao, Q.; Shakouri, M.; Chen, F. Y.; Kim, J. Y. 
Timothy.; Xia, Y.; Heck, K.; Hu, Y.; Wong, M. S.; Li, Q.; Gates, I.; 
Siahrostami, S.; Wang, H. Electrochemical ammonia synthesis via 

nitrate reduction on Fe single atom catalyst. Nat. Commun. 2021, 12 
(1), No. 2870. 
(28) Wang, Y.; Zhou, W.; Jia, R.; Yu, Y.; Zhang, B. Unveiling the 

Activity Origin of a Copper-based Electrocatalyst for Selective Nitrate 

Reduction to Ammonia. Angew. Chem. 2020, 132 (13), 5388−5392. 

(29) Hu, Q.; Qin, Y.; Wang, X.; Wang, Z.; Huang, X.; Zheng, H.; 
Gao, K.; Yang, H.; Zhang, P.; Shao, M.; He, C. Reaction intermediate- 
mediated electrocatalyst synthesis favors specified facet and defect 
exposure for efficient nitrate-ammonia conversion. Energy Environ. Sci. 
2021, 14 (9), 4989−4997. 

(30) Reyter, D.; Bélanger, D.; Roué, L. Study of the electroreduction 
of nitrate on copper in alkaline solution. Electrochim. Acta 2008, 53 

(20), 5977−5984. 
(31) Daiyan, R.; Tran-Phu, T.; Kumar, P.; Iputera, K.; Tong, Z.; 

Leverett, J.; Khan, M. H. A.; Asghar, E. A.; Jalili, A.; Lim, M.; Tricoli, 
A.; Liu, R. S.; Lu, X.; Lovell, E.; Amal, R. Nitrate reduction to 
ammonium: From CuO defect engineering to waste NOx-to-NH3 

economic feasibility. Energy Environ. Sci. 2021, 14 (6), 3588−3598. 
(32) Katsounaros, I.; Kyriacou, G. Influence of nitrate concentration 

on its electrochemical reduction on tin cathode: Identification of 
reaction intermediates. Electrochim. Acta 2008, 53 (17), 5477−5484. 

(33) Liu, H.; Park, J.; Chen, Y.; Qiu, Y.; Cheng, Y.; Srivastava, K.; 
Gu, S.; Shanks, B. H.; Roling, L. T.; Li, W. Electrocatalytic nitrate 
reduction on oxide-derived silver with tunable selectivity to nitrite and 

ammonia. ACS Catal. 2021, 11 (3), 8431−8442. 

(34) Stroka, J. R.; Kandemir, B.; Matson, E. M.; Bren, K. L. 
Electrocatalytic Multielectron Nitrite Reduction in Water by an Iron 
Complex. ACS Catal. 2020, 10 (23), 13968−13972. 

(35) Duca, M.; Van Der Klugt, B.; Hasnat, M. A.; MacHida, M.; 
Koper, M. T. M. Electrocatalytic reduction of nitrite on a 
polycrystalline rhodium electrode. J. Catal. 2010, 275 (1), 61−69. 

https://doi.org/10.1021/acssuschemeng.3c03336 

https://doi.org/10.1038/s43016-021-00318-5
https://doi.org/10.1038/s43016-021-00318-5
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1002/smtd.202000672
https://doi.org/10.1021/acs.iecr.1c03072?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acs.iecr.1c03072?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1038/s41570-018-0041-7
https://doi.org/10.1038/ngeo325
https://doi.org/10.1038/ngeo325
https://doi.org/10.1016/S1872-2067(14)60118-2
https://doi.org/10.1016/S1872-2067(14)60118-2
https://doi.org/10.1007/BF00248182
https://doi.org/10.1007/BF00248182
https://doi.org/10.1007/BF00248182
https://doi.org/10.1016/j.joule.2020.12.025
https://doi.org/10.1016/j.joule.2020.12.025
https://www.nytimes.com/2020/04/18/business/coronavirus-meat-slaughterhouses.html
https://www.nytimes.com/2020/04/18/business/coronavirus-meat-slaughterhouses.html
https://doi.org/10.1073/pnas.2022666118
https://doi.org/10.1073/pnas.2022666118
https://doi.org/10.1073/pnas.2022666118
https://pubchem.ncbi.nlm.nih.gov/compound/Hydroxylamine
https://doi.org/10.1039/D1EE01879E
https://doi.org/10.1039/D1EE01879E
https://doi.org/10.1016/j.biortech.2010.03.076
https://doi.org/10.1016/j.biortech.2010.03.076
https://doi.org/10.1016/j.biortech.2010.03.076
https://doi.org/10.1002/ceat.200401832
https://doi.org/10.1002/ceat.200401832
https://doi.org/10.1002/ceat.200401832
https://doi.org/10.1016/j.jelechem.2004.06.004
https://doi.org/10.1016/j.jelechem.2004.06.004
https://doi.org/10.1016/j.jelechem.2004.06.004
https://doi.org/10.1016/j.jelechem.2011.03.015
https://doi.org/10.1016/j.jelechem.2011.03.015
https://doi.org/10.1016/j.apcatb.2020.119465
https://doi.org/10.1016/j.apcatb.2020.119465
https://doi.org/10.1093/nsr/nwz019
https://doi.org/10.1093/nsr/nwz019
https://doi.org/10.1093/nsr/nwz019
https://doi.org/10.1093/nsr/nwz019
https://doi.org/10.1093/nsr/nwz019
https://doi.org/10.1021/acscatal.9b05260?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.9b05260?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.9b05260?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1039/C8SC00721G
https://doi.org/10.1039/C8SC00721G
https://doi.org/10.1039/C8SC00721G
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/jacs.9b13347?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1038/s41467-021-23115-x
https://doi.org/10.1038/s41467-021-23115-x
https://doi.org/10.1038/s41467-021-23115-x
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1002/ange.201915992
https://doi.org/10.1039/D1EE01731D
https://doi.org/10.1039/D1EE01731D
https://doi.org/10.1039/D1EE01731D
https://doi.org/10.1016/j.electacta.2008.03.048
https://doi.org/10.1016/j.electacta.2008.03.048
https://doi.org/10.1039/d1ee00594d
https://doi.org/10.1039/d1ee00594d
https://doi.org/10.1039/d1ee00594d
https://doi.org/10.1016/j.electacta.2008.03.018
https://doi.org/10.1016/j.electacta.2008.03.018
https://doi.org/10.1016/j.electacta.2008.03.018
https://doi.org/10.1021/acscatal.1c01525?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.1c01525?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.1c01525?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.0c03600?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acscatal.0c03600?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1016/j.jcat.2010.07.013
https://doi.org/10.1016/j.jcat.2010.07.013
https://doi.org/10.1021/acssuschemeng.3c03336?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as


ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article 

ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX 

 

 

3 

(36) Yang, J.; Kwon, Y.; Duca, M.; Koper, M. T. M. Combining 
voltammetry and ion chromatography: Application to the selective 
reduction of nitrate on Pt and PtSn electrodes. Anal. Chem. 2013, 85 
(16), 7645−7649. 

(37) Birdja, Y. Y.; Yang, J.; Koper, M. T. M. Electrocatalytic 
reduction of nitrate on tin-modified palladium electrodes. Electrochim. 
Acta 2014, 140, 518−524. 

(38) Gootzen, J. F. E.; Peeters, P. G. J. M.; Dukers, J. M. B.; Lefferts, 
L.; Visscher, W.; Van Veen, J. A. R. The electrocatalytic reduction of 

NO − on Pt, Pd and Pt + Pd electrodes activated with Ge. J. 
Electroanal. Chem. 1997, 434 (1), 171−183. 

(39) Dima, G. E.; Rosca, V.; Koper, M. T. M. Role of germanium in 
promoting the electrocatalytic reduction of nitrate on platinum: An 
FTIR and DEMS study. J. Electroanal. Chem. 2007, 599 (2), 167−176. 

(40) DOE H2A Analysis. Hydrogen Program. https://www. 
hydrogen.energy.gov/h2a_analysis.html (last accessed- May 15, 
2023). 
(41) Colella, W.; James, B.; Moron, J.; Saur, G.; Ramsden, T. 

Techno-economic Analysis of PEM Electrolysis for Hydrogen 

Production. Electrolytic Hydrog. Prod. Work. 2014, 1−38. 

(42) Leow, W. R.; Lum, Y.; Ozden, A.; Wang, Y.; Nam, D.; Chen, B.; 
Wicks, J.; Zhuang, T.; Li, F.; Sinton, D.; Sargent, E. H. Chloride- 
mediated selective electrosynthesis of ethylene and propylene oxides 

at high current density. Science 2020, 368 (6496), 1228−1233. 

(43) Bushuyev, O. S.; De Luna, P.; Dinh, C. T.; Tao, L.; Saur, G.; 
van de Lagemaat, J.; Kelley, S. O.; Sargent, E. H. What Should We 

Make with CO2 and How Can We Make It? Joule 2018, 2 (5), 825− 
832. 
(44) Ozden, A.; Wang, Y.; Li, F.; Luo, M.; Sisler, J.; Thevenon, A.; 

Rosas-Hernández, A.; Burdyny, T.; Lum, Y.; Yadegari, H.; Agapie, T.; 
Peters, J. C.; Sargent, E. H.; Sinton, D. Cascade CO2 electroreduction 

enables efficient carbonate-free production of ethylene. Joule 2021, 5 

(3), 706−719. 
(45) Verma, S.; Lu, S.; Kenis, P. J. A. Co-electrolysis of CO2 and 

glycerol as a pathway to carbon chemicals with improved 
technoeconomics due to low electricity consumption. Nat. Energy 
2019, 4 (6), 466−474. 
(46) Jouny, M.; Luc, W.; Jiao, F. General Techno-Economic Analysis 

of CO2 Electrolysis Systems. Ind. Eng. Chem. Res. 2018, 57 (6), 2165− 
2177. 
(47) Shin, H.; Hansen, K. U.; Jiao, F. Techno-economic assessment 

of low-temperature carbon dioxide electrolysis. Nat. Sustainability 
2021, 4 (10), 911−919. 

(48) Na, J.; Seo, B.; Kim, J.; Lee, C. W.; Lee, H.; Hwang, Y. J.; Min, 
B. K.; Lee, D. K.; Oh, H. S.; Lee, U. General technoeconomic analysis 
for electrochemical coproduction coupling carbon dioxide reduction 

with organic oxidation. Nat. Commun. 2019, 10 (1), No. 5193. 
(49) Gomez, J. R.; Garzon, F. Preliminary economics for green 

ammonia synthesis via lithium mediated pathway. Int. J. Energy Res. 
2021, 45 (9), 13461−13470. 

(50) James, B. D.; Desantis, D. A. Manufacturing Cost and Installed 
Price Analysis of Stationary Fuel Cell Systems; Strategic Analysis Inc.: 
Arlington, VA, USA, 2015. 

(51) Wang, M.; Khan, M. A.; Mohsin, I.; Wicks, J.; Ip, A. H.; Sumon, 
K. Z.; Dinh, C. T.; Sargent, E. H.; Gates, I. D.; Kibria, M. G. Can 
sustainable ammonia synthesis pathways compete with fossil-fuel 
based Haber-Bosch processes? Energy Environ. Sci. 2021, 14 (5), 

2535−2548. 

(52) Hydroxylamine price in 2021−2022. https://exportv.ru/price- 
index/hydroxylamine (last accessed- May 15, 2023). 
(53) Gu, S. Personal communications with Dr. Shuang Gu, Assistant 

Professor, Mechanical Engineering, Wichita State University. 
(54) Orella, M. J.; Brown, S. M.; Leonard, M. E.; Román-Leshkov, 

Y.; Brushett, F. R. A General Technoeconomic Model for Evaluating 

Emerging Electrolytic Processes. Energy Technol. 2020, 8  (11),  No. 
1900994. 
(55) Verma, S.; Kim, B.; Jhong, H. R. M.; Ma, S.; Kenis, P. J. A. A 

gross-margin model for defining technoeconomic benchmarks in the 

electroreduction of CO2. ChemSusChem 2016, 9 (15), 1972−1979. 

J 

(56) Ainscough, C.; Peterson, D.; Miller, E. Hydrogen Production 
Cost from PEM Electrolysis; DOE Hydrog. Fuel Cells Progr. Rec., 

2014; 14004, 1−11. 
(57) James, B.; Colella, W.; Moton, J.et al. PEM Electrolysis H2A 

Production Case Study Documentation, Strategic Analysis Inc. (SA), 
2013. 
(58) Vineyard, D.; Hicks, A.; Karthikeyan, K. G.; Davidson, C.; 

Barak, P. Life cycle assessment of electrodialysis for sidestream 
nitrogen recovery in municipal wastewater treatment. Cleaner Environ. 
Syst. 2021, 2, 2−100026. 

(59) Vineyard, D. L., II. Economic and life cycle assessment of 
electrodialysis, denitrification, and anammox for nitrogen removal in 
municipal wastewater treatment; University of Wisconsin-Madison, 
https://minds.wisconsin.edu/handle/1793/79319 (last accessed- 
May 15, 2023). 
(60) De Luna, P.; Hahn, C.; Higgins, D.; Jaffer, S. A.; Jaramillo, T. 

F.; Sargent, E. H. What would it take for renewably powered 
electrosynthesis to displace petrochemical processes? Science 2019, 
364 (6438), No. eaav3506, DOI: 10.1126/science.aav3506. 
(61) Kim, C.; Lee, Y.; Kim, K.; Lee, U. Implementation of Formic 

Acid as a Liquid Organic Hydrogen Carrier (LOHC): Techno- 
Economic Analysis and Life Cycle Assessment of Formic Acid 

Produced via CO2 Utilization. Catalysts 2022, 12 (10), 1113. 
(62) Aldaco, R.; Butnar, I.; Margallo, M.; Laso, J.; Rumayor, M.; 

Dominguez-Ramos, A.; Irabien, A.; Dodds, P. E. Bringing value to the 
chemical industry from capture, storage use of CO2 : A dynamic LCA 

of formic acid production. Sci. Total Environ. 2019, 663, 738−753. 
(63) Garcia-Herrero, I.; Cuéllar-Franca, R. M.; Enríquez-Gutiérrez, 

V. M.; Alvarez-Guerra, M.; Irabien, A.; Azapagic, A. Environmental 
Assessment of Dimethyl Carbonate Production: Comparison of a 
Novel Electrosynthesis Route Utilizing CO2 with a Commercial 

Oxidative Carbonylation Process. ACS Sustainable Chem. Eng. 2016, 4 
(4), 2088−2097. 
(64) Razon, L. F. Life Cycle Analysis of an Alternative to the Haber- 

Bosch Process: Non-Renewable Energy Usage and Global Warming 
Potential of Liquid Ammonia from Cyanobacteria. Environ. Prog. 
Sustainable Energy 2014, 33 (2), 618−624. 

(65) Osorio-Tejada, J.; Tran, N. N.; Hessel, V. Techno-environ- 
mental assessment of small-scale Haber-Bosch and plasma-assisted 
ammonia supply chains. Sci. Total Environ. 2022, 826, No. 154162. 
(66) Kar, S.; Singh, R.; Gurian, P. L.; Hendricks, A.; Kohl, P.; 

McKelvey, S.; Spatari, S. Life cycle assessment and techno-economic 
analysis of nitrogen recovery by ammonia air-stripping from 

wastewater treatment. Sci. Total Environ. 2023, 857, No. 159499. 
(67) Jeong, H.; Minne, E.; Crittenden, J. C. Life cycle assessment of 

the City of Atlanta, Georgia’s centralized water system. Int. J. Life 
Cycle Assess. 2015, 20 (6), 880−891. 

(68) Dominguez-Ramos, A.; Singh, B.; Zhang, X.; Hertwich, E. G.; 
Irabien, A. Global warming footprint of the electrochemical reduction 
of carbon dioxide to formate. J. Cleaner Prod. 2015, 104, 148−155. 

(69) US EPA. Resource Mix by renewable vs. non-renewable fuels 
by NERC region, 2018 https://www.epa.gov/egrid/data-explorer 
(last accessed- May 15, 2023). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
https://doi.org/10.1021/acssuschemeng.3c03336 

https://doi.org/10.1016/S0022-0728(97)00093-4
https://doi.org/10.1021/ac401571w?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/ac401571w?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/ac401571w?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/ac401571w?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/ac401571w?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1016/j.electacta.2014.06.011
https://doi.org/10.1016/j.electacta.2014.06.011
https://doi.org/10.1016/S0022-0728(97)00093-4
https://doi.org/10.1016/S0022-0728(97)00093-4
https://doi.org/10.1016/S0022-0728(97)00093-4
https://doi.org/10.1016/S0022-0728(97)00093-4
https://doi.org/10.1016/j.jelechem.2005.12.005
https://doi.org/10.1016/j.jelechem.2005.12.005
https://doi.org/10.1016/j.jelechem.2005.12.005
https://www.hydrogen.energy.gov/h2a_analysis.html
https://www.hydrogen.energy.gov/h2a_analysis.html
https://doi.org/10.1126/science.aaz8459
https://doi.org/10.1126/science.aaz8459
https://doi.org/10.1126/science.aaz8459
https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1016/j.joule.2021.01.007
https://doi.org/10.1016/j.joule.2021.01.007
https://doi.org/10.1016/j.joule.2021.01.007
https://doi.org/10.1038/s41560-019-0374-6
https://doi.org/10.1038/s41560-019-0374-6
https://doi.org/10.1038/s41560-019-0374-6
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1038/s41893-021-00739-x
https://doi.org/10.1038/s41893-021-00739-x
https://doi.org/10.1038/s41893-021-00739-x
https://doi.org/10.1038/s41467-019-12744-y
https://doi.org/10.1038/s41467-019-12744-y
https://doi.org/10.1038/s41467-019-12744-y
https://doi.org/10.1038/s41467-019-12744-y
https://doi.org/10.1038/s41467-019-12744-y
https://doi.org/10.1002/er.6674
https://doi.org/10.1002/er.6674
https://doi.org/10.1002/er.6674
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1039/D0EE03808C
https://exportv.ru/price-index/hydroxylamine
https://exportv.ru/price-index/hydroxylamine
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1002/cssc.201600394
https://doi.org/10.1016/j.cesys.2021.100026
https://doi.org/10.1016/j.cesys.2021.100026
https://doi.org/10.1016/j.cesys.2021.100026
https://minds.wisconsin.edu/handle/1793/79319
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1126/science.aav3506?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.3390/catal12101113
https://doi.org/10.1016/j.scitotenv.2019.01.395
https://doi.org/10.1016/j.scitotenv.2019.01.395
https://doi.org/10.1016/j.scitotenv.2019.01.395
https://doi.org/10.1016/j.scitotenv.2019.01.395
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01515?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
https://doi.org/10.1002/ep.11817
https://doi.org/10.1002/ep.11817
https://doi.org/10.1002/ep.11817
https://doi.org/10.1016/j.scitotenv.2022.154162
https://doi.org/10.1016/j.scitotenv.2022.154162
https://doi.org/10.1016/j.scitotenv.2022.154162
https://doi.org/10.1016/j.scitotenv.2022.159499
https://doi.org/10.1016/j.scitotenv.2022.159499
https://doi.org/10.1016/j.scitotenv.2022.159499
https://doi.org/10.1016/j.scitotenv.2022.159499
https://doi.org/10.1016/j.scitotenv.2022.159499
https://doi.org/10.1007/s11367-015-0874-y
https://doi.org/10.1007/s11367-015-0874-y
https://doi.org/10.1007/s11367-015-0874-y
https://doi.org/10.1016/j.jclepro.2013.11.046
https://doi.org/10.1016/j.jclepro.2013.11.046
https://www.epa.gov/egrid/data-explorer
https://doi.org/10.1021/acssuschemeng.3c03336?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as

