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Due to increased strain to satisfy food needs brought on by the global population growth,
fertilizers are widely used to increase agricultural yields. The most commonly used fertilizer
in the world, urea, has substantially intensified agricultural output. However, the
conventional method of producing urea is mostly reliant on fossil fuels, which contributes
to considerable greenhouse gas (GHG) emissions and exacerbates climate change. Concerns
about environmental sustainability are growing as the demand for urea keeps increasing. As
a result, new technologies are being developed to create urea, which are said to have less of
an impact on the environment than traditional ones. Examining current urea manufacturing
methods, evaluating various technical avenues, and contrasting their effects on the
environment and the economy were the objectives of this master's thesis. The investigation
took into account the established-, hybrid-, green-, and progressive-, pathways with
variations in the production water, methane (CHa), and electricity sources. Global Warming
Potential (GWP), Primary Energy Use (PEU), and cost were the primary metrics that were
examined. A cradle-to-gate life-cycle impact assessment (LCIA) was employed for the
environmental evaluation, and material flow cost accounting (MFCA) was applied for the
cost analysis. The traditional urea production process was compared with the alternative
green, hybrid, and advanced technical paths. The utilization of low-emission power sources,
like the Swedish and European grids, and the production of byproducts were the primary
reasons why the results showed that these other paths might lower GWP or PEU values.
However, the study's parameters did not allow for the simultaneous decrease of GWP, PEU,
and costs. The results underline the difficulties in using alternative methods to outperform



traditional technologies and the necessity of better technological integration and by-product
usage through industrial symbiosis. In the end, the study emphasizes how crucial it is to

balance the trade-offs between financial costs and environmental advantages when selecting
technical avenues for urea production.
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1. Introduction

The growing agricultural and sustainability challenges have become increasingly critical in
contemporary global contexts. As the population growth and environmental concerns
intensify, addressing these challenges entails innovative solutions and effective resource

management.

1.1. Background and motivation

Agricultural production has to rise by around 60% over present levels in order to sustainably
fulfil the nutritional needs of the 9.7 billion people who are expected to inhabit the planet by
2050 (Dorling, 2021). Reduced availability of high-quality arable land, global meat
consumption, rising energy consumption and carbon dioxide (CO2) emissions, and the
gradual loss of vital nutrients like potassium (K), phosphorus (P), and nitrogen (N), which
are critical for increasing crop yields, make it more difficult to meet this goal. The energy
sector is generally the largest source of CO2 emissions, mostly from the electricity produced
from power plants, transportation's usage of fuel, and the reliance of industrial processes on
fossil fuels (Ritchie, 2020)

The green revolution underscored the critical role of fertilizers in boosting food production,
leading to a twofold increase in global food output over the past 35 years, largely driven by
a 6.9-fold increase in N application and a fourfold rise in P use (Alexandratos and Bruinsma,
2012). By the late 19" century, a more profound understanding of the essential elements
required for plant growth had developed, resulting in consumption patterns that prioritized

the application of N, P, and K to optimize agricultural productivity.

Ammonia (NHs), Hz, and CO2 emissions are inextricably related to the manufacture of urea
(Figure 1). The Haber-Bosch (HB) is most commonly employed method for NH3 synthesis
(Bargiacchi et al., 2019). NH3z has a molecular weight of 17 g/mol and consists of
approximately 82% N by mass. Given its abundance in the environment, Nz is typically
acquired by air separation using an air separation unit (ASU) (Bicer et al., 2016). The

primary global sources of Hz, which accounts for 18% of NH3z by mass, are natural gas
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(72%), coal (26%), oil products (about 1%), and water (a fraction of a percentage) (Canton,

2021).

Recycle
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Figure 1. There are often four steps in a basic urea production plant: A urea reactor, a
distillation column, a vacuum decomposer, and a granulator are the first four components
(Rafiee et al., 2018).

Among chemical fertilizers, urea stands out as the most widely used and effective, containing
46% N, making it the primary N source for crops (Alexandratos and Bruinsma, 2012). Its
solid, highly water-soluble form, which indicates its high N content by mass with widespread
production and consumption worldwide, highlight its importance in agriculture. The first
industrial synthesis of urea was performed in 1870, where NH.CO2NH4 was heated in
porcelain or quartz tubes at high temperatures, ranging between 130-140°C (Rafiee et al.,
2019). Subsequent studies on urea synthesis provided key insights that led to a pivotal
invention in 1963 (Rafiee et al., 2019). Over time, a number of contemporary urea synthesis
methods have been developed, including the traditional approach that combines hydrogen
gas (H2), nitrogen gas (N2), and CO> gases, the creation of aqueous urea solutions, and
methods for the separation and recovery of the unconverted components (Eiji and Hiroo,
1963). Using the hydrolysis, introduced in 1982, it was aimed at improving the conversion
rates of urea and decreasing the production of biuret (Inoue and Ono, 1981). Nevertheless,
it was discovered that the use of high temperatures and pressure are influential when

enhancing urea yield.
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The synthesis of NHs depends on the HB process, which uses substantial energy, resulting
in greenhouse gas (GHG) emissions due to its high temperature and pressure operating
conditions, as well as the direct CO2 emissions from the release of carbon in natural gas
(Bargiacchi et al., 2019). Of the 180 million tons of NH3 produced globally in 2020, adjacent
to 80% were used for agricultural fertilizers, with the rest going toward industrial
applications uses such as synthetic fibers, explosives, and plastics (Giddey et al., 2017). This
production employed a projected 8.26 billion gigajoules (GJ) of energy, which constitutes
about 2% of global energy expenditure (Alfian and Purwanto, 2019). Besides, the process
contributed to roughly 2% of global fossil fuel energy consumption and generated above 450
million tons of CO> that is equivalent to 1.3% of global energy related fossil CO, emissions
(Canton, 2021).

H> is an essential component in NHz synthesis, but it is not found in nature in its pure form
and must be made from a variety of feedstocks, such as water, biomass, and fossil fuels. It
takes a lot of energy to extract pure Hz from these sources. Fossil fuels now provide 96% of
the H> delivered to international markets, with coal accounting for 26%, heavy oils and
naphthalene for 30%, and natural gas for 72%. Only over 4% of the world's H> is produced

using water electrolysis (WE) (Alfian and Purwanto, 2019).

1.2. Environmental significance of transitioning to green urea production

Producing green H. is only one aspect of the problem; for transport-storage conversion to
show to be an environmentally viable business model, it must be linked to the appropriate
infrastructure (Milani et al., 2022). Green NHz synthesis is one of the more demanding
choices for a multitude of NHz applications in industries, transportation, or as an exportable
commodity. It employs green H as a feedstock among several selections for H» transport-
storage-conversion to achieve sustainable energy and production goals (Milani et al., 2022)
(Figure 2).

The world's reliance on synthetic N fertilizers has made the sustainable production of NH3
an environmental imperative. With a market value of more than US$60 billion, it is the
second most manufactured chemical commodity worldwide (Giddey et al., 2017). However,
the industry is under increasing pressure to improve the production processes with less
environmental impacts since NHz is extremely dangerous and needs certain storage

conditions and safety precautions. NHs is regarded as a H> and renewable energy carrier in
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addition to being a fuel for urea production. Transporting liquid NHs to foreign-end
consumers is substantially cheaper than liquid H> with potential for noteworthy savings
(Milani et al., 2022).
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Figure 2: Potential routes for the conversion, storage, transportation, and production of

green hydrogen (Percy, 2022).

While several research studies have explored the alternative pathways of green urea
production, many of them have not addressed all the aspects of sustainable production. One
method, for instance, uses electromagnetic induction in conjunction with nanocatalysts to
control the ambient conditions and lower the energy needed for conversion (Yahya and
Yahya, 2018). As an environmental friendly process, another approach employs two-
dimensional metal borides (MBenes) as catalysts for electrochemical production under
ambient settings (Salmon and Bafares-Alcantara, 2021). Similarly, a multi-objective
optimization technique has been proposed to incorporate renewable feedstocks into
traditional urea production pathways, striking a balance between production costs and
environmental considerations (Alfian and Purwanto, 2019). In general, utilizing any fossil
fuel-based CO; source in the manufacturing line will undoubtedly damage the process' green
label given the high-water solubility of urea and its breakdown to its original constituents
before the end of its life. Hence, in order to maintain a carbon-neutral or green route, the

input CO; stream needs to come from non-fossil fuel sources.

Additionally, it should be mentioned that neither NHs nor urea manufacturing would be

green-labelled by utilizing solely green H> as the feedstock; instead, both would need to
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disengage from the usage of fossil fuels in their operations and exclusively employ carbon-
neutral sources to provide CO> (Milani et al., 2022). From a sustainability standpoint,
feeding H. generated from WE powered by renewables is just one part of pushing NH3
production in a more environmentally friendly direction. But it's also important to take into
account the energy-intensive air separation units' related environmental impact (El), which

frequently calls for cryogenic techniques to extract pure No.

Investigating other technologies to create NHs and urea is becoming more and more
important in light of the environmental difficulties, socioeconomic factors, and worries about
the long-term supply of resources. Numerous technologies that can completely transform the
manufacturing of urea fertilizer and its essential components have been created and studied
in response to these difficulties. These options include NH3 synthesis utilizing non-thermal
plasma at lower temperatures and pressures (Anastasopoulou et al., 2020) as well as the
decarbonization of H. generation by WE (Minh et al., 2018). It is important to assess the
environmental impact and operating costs of these new technologies, even if they have the
potential to reduce emissions through less energy-intensive NHsz manufacturing processes
and lessen reliance on fossil fuels. Before these technologies can be widely adopted, a
thorough assessment is necessary to ensure they provide a sustainable and economically

viable alternative to current practices.

1.3. The objectives and scope of this study

This study's main goal was to assess and contrast the financial and environmental effects of
producing urea fertilizer using different technological methods. The study sought to
determine the major determinants of both EIl and cost-effectiveness by analyzing several
methods used in the manufacture of necessary materials and feedstocks for urea synthesis.
The study also aimed to provide light on the economic and environmental feasibility of

several urea manufacturing technologies.

The following research questions served as the study's compass in order to accomplish this

goal.
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1. How can the technologies that are now in operation to render necessary features for
the production of urea fertilizer be integrated into other technological pathways to

improve energy efficiency and reduce GHGs.

2. What effects do the technologies utilized to produce essential components for urea
fertilizer have on the energy and mass inventories within various technological

pathways?

3. How do various technological routes for producing urea fare in terms of production
cost and the environment?

To identify and explore the technologies deployed in the manufacturing of vital components
for urea fertilizer, a qualitative investigation was performed in compliance with the
aforementioned guidelines. As part of this, data was collected on process descriptions,
technological characteristics, sustainability claims, and the required feedstocks and
components. The technological pathways i.e., established-, hybrid-, green-, and progressive
pathways, were constructed based on the technologies that were found in order to make it

easier to analyze and compare both known and new urea manufacturing processes.

Additionally, the performance and assessment of mass and energy inventories to generate
essential materials across several technological pathways were part of this study. The
purpose of this comparison analysis was to find possible benefits from the standpoint of mass

and energy flow analysis, laying the groundwork for more research.

Global warming potential (GWP) and main energy usage were among the variables used to
evaluate the El. A life cycle impact assessment (LCIA)-based cradle-to-gate methodology
was employed. A cost examination was conducted by the material flow cost accounting
(MFCA), which accounts for factors including inputs, feedstocks, energy use, and waste

treatment costs.

The methods that are now accessible to create the essential components needed to make
green urea fertilizer served as the foundation for this study. Four distinct technological
pathways and seven scenarios for each were subjected to a life-cycle, environmental, and

cost assessment. These scenarios featured different sources of water, energy, and CHas. To
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create the resources required for the manufacturing of urea, the technological pathways were
established employing a variety of separate technologies. By lowering energy use, CO>
emissions, and reliance on CHgs, these innovations were said to enhance environmental

performance.

The availability and specificity of data on the technologies in question, as well as the
feasibility of putting these technological pathways into practice in an industrial setting,
presented certain limits for the study. The system analysis omitted factors pertaining to plant
construction, maintenance, and operating needs in order to simplify the examination of

several routes and scenarios.



23

2. Literature review on the urea production: Financial,

environmental and technological perspectives.

As the raw material to produce urea, NHz is produced by the reaction of N> and H.. Based
on this, an extensive literature search was undertaken with the objective of finding several
different distinct technologies related to urea production. These various technologies, when
combined, can lead up to twenty different pathways of synthesizing urea, as shown in Figure
3.
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[ Auto-thermal reforming
(
(

Water electrolysis

Figure 3: Mapping of urea production pathways and essential technological innovations.

The chemical expression of these technologies has also been denoted in relation to their
respective enthalpy of reaction (AH), which measures the energy exchanged during a
chemical reaction (Equation 1), particularly at constant pressure. Positive AH means the
reaction absorbs heat, indicating it is endothermic, while a negative AH signifies that heat is
released, making it exothermic. AH is calculated using the formula, which measures the
difference between the total enthalpy of the products and that of the reactants in kilojoules

per mole (kJ/mol).

AH = Y AH products — Y AH reactants (@)
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2.1. Insights into hydrogen production technologies

2.1.1. Hydrogen sustainability perspective

Over the past years, H» has gained interest for being a potentially suitable alternative to the
hydrocarbon-based economy in pursuit of a more sustainable future. This methodology can
be employed as an energy carrier in transportation and chemical applications. The "Power-
to-X" methods entail transforming power into Ho, which may then be utilized to create
materials, food, and chemicals like gasses, NHz, or other fuels, or it can be transformed back
into energy (also known as Power-to-Power) (Bajus, 2023). A green economy may strive
toward accomplishing long-term sustainability objectives, as those outlined in the Net-Zero
2050 targets, by combining this strategy with low-carbon energy sources (Nguyen et al.,
2024). Reducing the emissions linked to Hz production is crucial to advancing an H»-based
scenario. Approximately 70-76% of the world's Ha is currently produced solely by steam
methane reforming (SMR) (Nemitallah et al., 2024). A color-coding scheme has been
implemented by the National advisory color-factor evaluation (NACFE) to show the
sustainability of H2 based on the feedstock used in its synthesis (Figure 4) (Medlock 111 and
Hung, 2023). This approach classifies Hz into various colors, with each color signifying a
unique production method that differs in its environmental impact and sustainability. These
color codes assist stakeholders in grasping the consequences of various Ha sources and their
related carbon emissions, thus, enabling better decision-making as we move towards a low-
carbon economy. Therefore, this study will more comprehensively discuss the prospects of
the WE.

GREEN

Hyckogen produced by sleckobeieof TURQUOISE e
rogen produced by electrolysis of
water, using electricity from renewable Hydrlogen produced by the thermal ow .
sources like hydropower, wind, and splitting of methane (methane Hydrogen produced by electrolysis
solar. Zero m):bﬂ" emissions are pyrolysis). Instead of CO,, solid using grid electricity.
p")d;'ced. . carbon is produced.

PINK/PURPLE/RED BLACK/GRAY WHITE

Hydrogen produced by electrolysis Hydrogen exiracted from natural gas Hydrogen extracted from fossil fuels,

Hydrogen produced as o byproduct of
industrial processes

using nuclear power. using steam-methane reforming usually coal, using gasification

Figure 4: Hydrogen production via WE using renewable electricity (NACFE, 2023).
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2.1.2. Insights into SMR technology

SMR is one of the most common methods of converting CH4 into Hz. Plants utilizing this
process can manage large production quantities, producing approximately 300,000 tons H>
per year (Oni et al., 2022). SMR exhibits remarkable adaptability in a variety of geographic
areas and has been in use for many decades (Oni et al., 2022). In this procedure, a 3:1
combination of steam and CHgs is delivered into an initial endothermic reformer, at a
temperature of around 775°C and a pressure of about 35 bar. The reformed gas is
subsequently directed to the secondary reformer, which operates at a same pressure,
however, at an approximate elevated temperature adjacent to 1000°C. The synthesis gas that
has been reformed is then cooled to around 350°C. A flow of H> is the end consequence of

using a methanator to remove both CO2 and CO (Figure 5) (Hren et al., 2023).
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Figure 5: Diagrammatic representation of SMR technology (Battista et al., 2017).

The chemical reactions of this process are presented in Equation 2 and Equation 3,

respectively.

Steam reforming CH,(g) + H,0 (g) = CO (g) + 3H, (g9) AH:206.13 K] || 34.35 kgM—I{I 2
2
Shift reaction: CO (g) + H,0 (g) = CO, (¢) +H, (9) AH:—41.22K] | —20.61@“—1’{ ©)
2
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2.1.3. Chemical looping technology

Using a closed-loop circulation, this technique produces Hx by partially oxidizing metal
oxide with steam. According to Peng et al., (2023), plans were developed in 2023 to create
a pilot plant in the United Kingdom to assess this technology. In this method, the oxidation
of hydrocarbons (HCs) inside the fuel reactor is catalyzed by a metal oxide, such as iron
oxide. Continuous functioning is therefore made possible by the reduction of the metal oxide
utilizing water vapor in the steam reactor and its subsequent regeneration in the air reactor
(Figure 6). With the constant supply of HCs, water vapor, and air, this cycle could be

maintained for long-term, enabling uninterrupted functioning (Hren et al., 2023).

Steam

(2)

ﬂ

Methane Fuel reactor Steam reactor Hydrogen
(®) (g)
Carbon Steam
dioxide (2)
- Air (g)

Catalyst

Air reactor

Regeneration

Figure 6: Process flow schematic of chemical looping technology (Peng et al., 2023).

Equations 4-6, respectively, show the chemical processes occurring on the reactors.
Fuel reactor: 4Fe,05(s) + 3CH,(g) = 8Fe(s) +3C0,(g) + 6H,0 (g) AH:625.95K] 4)

Steam reactor: 3Fe(s) + 4H,0 (g) = Fe;0,(s) + 4H,(g) AH:25.23 K] |l 0.69 kgM—é (5)
2

Air reactor: 4Fe;0,(s) + 0, (g) & 6Fe,05(s) AH:—473.22 K] (6)
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2.1.4. Auto-thermal reforming technology

This pathway is adaptable and capable of employing various HC fuels. It functions with
greater efficiency and demands less energy compared to SMR (Battista et al., 2017).
Numerous facilities in diverse geographical areas are generating H. by utilizing this
technology (Idrissov, 2023). This technology generates H> by the conversion of HCs and
atmospheric O2. This procedure combines shift reactions, reforming reactions, and partial
oxidation into a single process. HC fuel is combusted in a reactor after being mixed with
water vapor to yield Hz and CO.. There, it partially oxidizes in the presence of O (ldrissov,
2023). Any leftover HC molecules are then transformed into more Hz and CO> by passing
the resultant mixture over a catalyst bed. A pressure swing adsorption device and two water-
gas shift reactors that can operate at both high and low temperatures are used to purify the
generated gas (Figure 7). The energy needed to keep the process going is provided by the
heat produced by the reactions (Battista et al., 2017).
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Figure 7: Simplified diagram of the auto-thermal reforming technology (Nemitallah et al.,
2024).

The primary chemical reactions involved in this process are detailed in Equation 7, Equation

8, and Equation 9, respectively.
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Partial oxidation: 3CH,(g) + 0,(g) = CO (g) + 2H, (g) AH —35.89KJ || —8.98 WM—ZI ©)
2
Steam reforming: CH,(g) + H,0 (g) + = CO, (9) + 3H, (g) AH —33.12KJ || —=5.52 m’”—é ®)
2

Shift reaction: CO (g) + H,0 (g) = €O, (g) + Hy(9) AH —41.21KJ || —20.60 WM—; )
2

2.1.5. High-thermal plasma technology

High-thermal plasma (HTP) technology offers a diverse supply option for Hy production
with no direct production of CO> but instead, it has carbon black as one of its by-products.
For several decades, this technology has been being studied, and by 2017, a pilot plant has
already been set up in the US (Gautier et al., 2017). First, CH4 is added to a thermal plasma
reactor operating at 1800°C and 1 bar of pressure to generate Hz and carbon black (Gautier
et al., 2017). A separator is subsequently used to separate the resultant combination of H;
and CHa (Figure 8). Before the mixture enters the reactor, it can be warmed using the waste
heat produced by this operation (Sarafraz et al., 2021).
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Figure 8: Technical flow diagram of methane thermal decomposition (Smith and Klosek,
2001).

The primary chemical reaction involved in this process is detailed in Equation 10.

CH, (g) = C(S) + 2H, (g) AH 7481KJ || 18.70 w“—é (10)
2
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2.1.6. Water electrolysis technology

Except for H> obtained by WE, practically all the Hz production methods in use, result in Ho,
and CO gaseous mixture that is called syngas. Nevertheless, in situations requiring NH3
synthesis, only H> is important that leads to the purification and upgrading of syngas as
intermediary processes (Nemitallah et al., 2024). Among the listed approaches, electrolysis
is considered one of the promising methods for green and electrified production of NHz and
categorized into three different sub-types in terms of technological basis. This is in line with
how NACFE has color-coded green Ha (Tjahjono et al., 2023). It is crucial to state that green
H> (broader form referred to as Green-X) usually stands for H that is generated through the
process of electrolysis using devices to generate the required power as the primary energy
source (Minh et al., 2018). When contemplating a facility operating on the grid's electrical
supply, the use of electricity to create this Hz can be described more fittingly as yellow H:

following the classification proposed.

For the purposes of this study, some alternative future scenarios based on low carbon electric
power generation were presented. In green H» production, the ‘green’ regards to those
chemicals which can be produced with little or no emission of CO.. The sole H, production
method considered for NHs synthesis via an electrically driven HB process is WE. The three
technological options for this process are solid oxide electrolysis (SOEL), proton exchange

membrane electrolysis (PEMEL), and alkaline electrolysis (AEL).
Electrified production — water electrolysis

The electrolyte type, operating conditions, and cell materials are the essential characteristics
that distinguish these three electrolysis technologies, even if the basic idea of WE is the
similar for all of the options that are now accessible. WE always permits the production of
O2 and H> with a purity higher than 99% (Figure 9) (Kumar and Himabindu, 2019). It is

important to note that each technology exhibits slight variations in its operating conditions.
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Figure 9: Schematic illustration of WE (Percy, 2022).
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At 100% conversion efficiency, the electrolysis process requires the least amount of energy
(39.4 kWh/kg of Hz), however, the actual cell energy consumption increases to about 55
kWh/kg of H, (Tashie-Lewis and Nnabuife, 2021). The synthetic plant is represented by the
generic equation (Equation 11) of the reaction that takes place in the split.

2H,0 = 0, + 2H, (11)

Such electrolysis demands demineralized water and costs $1 for each cubic meter (Buttler
and Spliethoff, 2018). According to the stoichiometric relationship, 9 kg H20/kg of H; is
required but due to inefficiency the intake is between 18-24 kg H2O/kg of Hz (Tashie-Lewis
and Nnabuife, 2021). The high purity of the final product is one of the primary process's
strengths; its high energy consumption and capital expenditures (CAPEX) are its main
drawbacks. AEL, PEM, and SOEL cell efficiencies are greater than 60% (Rahimpour et al.,
2024).

Alkaline Electrolysis (AE)

AE is one of the most advanced technologies, is capable of recovering H> and O, from water.
In actuality, the cell requires an electrolytic solution, which is usually a 20-30%
concentration of potassium hydroxide (KOH) or sodium hydroxide (NaOH). The process's
temperature is kept between 60-90°C, and its pressure is adjusted between 10-30 bars
(Rahimpour et al., 2024). Equations 12-13 show how the diaphragm separates the cell into

two compartments: the anodic compartment, where O is produced, and the cathodic
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compartment, where Hz is produced. Water is consumed at the cathode after entering the

alkaline AE system as the electrolytic solution (Figure 10).
N 12
Anode 20H—= H,0 + /02 te- (12)

Cathode 2H,0 + 2e~ = 2H, + 20H™ (13)

To carry out alkaline WE, nickel-based catalysts are integral, and their supply and costs are
the main contributors to the related unit costs. The outlets from the electrolyzer are directed
into a drum, which functions to separate the liquid and gas phases. Then dehydration is
applied to remove water, recovering 99.9% H> and 99-99.8% O (Chau et al., 2022).
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Figure 10: Schematic of an AE setup (Buttler and Spliethoff, 2018).

Polymer electrolyte membrane/proton electrolyte membrane (PEMEL)/(PEM)

Another well-known technique that eliminates the need for extremely corrosive materials is
proton exchange membrane electrolysis (PEMEL), which uses poly-sulfonated membranes
(often Nafion®, Fumapem®, Flemion®, or Aciplex®) in its place (Kumar and Himabindu,
2019). Equation 12-13 show that the chemical reaction is the same as that of AEL. The
electrodes, which are composed of noble metals (iridium for the anode and platinum for the
cathode) and are integrated directly into the membrane as part of the membrane electrode
assembly, constitute one important distinction. Because these electrodes are exposed to

acidic conditions, coatings provide additional protection. Furthermore, the water supply



32

point varies; PEMEL feeds water closer to the anode, which makes it a better option when
heating is needed (Kumar and Himabindu, 2019).

Greater operating pressures can be attained using PEMEL in a range of 20-50 bar more and
compared to AEL. PEMEL also works at low temperature of 50-80°C. Nonetheless, the
benefit of PEMEL over AEL include short start-up times for cold start-up that takes about
several minutes while the warm start-up takes about seconds with 99% of pure H. (Figure
11).
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Figure 11: Basic design framework of a polymer electrolyte membrane electrolyzer
(Buttler and Spliethoff, 2018).

Solid oxide electrolysis (SOEC/SOEL)

SOEL is not a commercial scale technology as is AEL and PEMEL technologies. SOEL
makes use of conductive ceramics rather than catalysts in the usual sense of the word (Chau
et al., 2022). The process arrangement of this cell is different, here water is circulated at the
cathode along with some amount of recycling of H> while air is supplied to the anode

chamber for the removal of the produced Hz (Rahimpour et al., 2024).

SOEL functions at relatively low to moderate pressures, between 1-15 bar, but at high
temperatures, usually over 700-900°C (Buttler and Spliethoff, 2018). The high temperatures
help the cell performance optimality to peak, however, with a drawback on the type of

material that is used due to its stability at extreme temperatures. As a result, the use of
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expensive materials becomes inevitable, and currently, SOEL has a shorter cell life and is
inferior to other technologies. One main advantage of SOEL is that it can work as an

electrolyser and as a solid oxide fuel cell as well (Chau et al., 2022).

Process optimization through strategic technology selection, operational plant lifespan

management, and economic feasibility.

It is also important to state before choosing the technological option for the electrolysis that
the only two technologies are in mature stage of their development, namely AEL and
PEMEL. Chemical plants have a minimum of 10-15 years of durability with maximal of 20
years (Buttler and Spliethoff, 2018). Thus, maintaining the requirement for equipment
replacement below a certain threshold must be the top priority while choosing equipment
and managing process unit operations (Kumar et al., 2021). Although the electrolysis
systems' expected lifespan falls within the same range as chemical plants, it is important to
remember that while the process unit lifetime could be similar, the cell lifetime varies
because of the degradation processes (Buttler and Spliethoff, 2018). Cells need to be
replaced after 8-15 years of service on average. AEL shows a slightly higher degradation
effect as compared to PEMEL while the lifetimes falls in the similar range (Kumar et al.,
2021). Table 1 contains a variety of expectations used in the analysis of AEL and PEMEL's
CAPEX and OPEX.

Table 1: Plant lifespan, installation and decommissioning CAPEX and OPEX for AE and PEMEL (Buttler
and Spliethoff, 2018).

Plant Plant lifespan CAPEX OPEX
(years) Decommissioning Installed
AE 30-50 700-3500 800-1500 2-3% of
€/Kilowatt-hour €/Kilowatt-hour CAPEX
PEMEL 20 1300-2200 1400-2100 3-5%

€/Kilowatt-hour €/Kilowatt-hour CAPEX
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2.2. Current nitrogen separation technologies

For nitrogen separation, two different technologies have been uncovered.

2.2.1. Cryogenic separation technology (CST)

This process produces highly purified N2, Oz, argon (Ar) and is considered one of the most
efficient methods for air separation in terms of performance and cost (Cao et al., 2016).
Initially, the air is compressed and purified by removing water vapor, CO,, and other
impurities. After cooling to temperatures below -196°C, the air is transformed into a liquid.
The air's gases have different boiling points; in their frozen states, N2 solidifies at -210°C
and O at -218°C (OECD, 2012). The gas then goes through a distillation process and is then
cooled in a condenser back into liquid form, thus, making liquid N2, Ar and O (Figure 12)
(Bicer et al., 2016). N2, Ar, and O of high purity needed for large scale industrial use are
produced by the ASU (Cao et al., 2016).
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Figure 12: CST flow diagram (Smith and Klosek, 2001).

2.2.2. Pressure swing adsorption (PSA) process

For N2 adsorption, this technique depends on the various adsorption characteristics of
various materials. Consequently, the N2 that is produced by this technique can reach 99% of
purity (Smith and Klosek, 2001). At 99.9% efficiency, this compressor is readily marketable

to be deployed in various locations (Atlas Copco, 2023).
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This method involves passing air over a bed of N2 adsorbing material, which selectively
absorbs N2 molecules while permitting other gases and contaminants to go through
adsorbent. Until the adsorbing substance is saturated, the procedure is repeated. Heat or
decreased pressure is used to liberate the adsorbed N2 and renew the adsorbing material
(Figure 13). By using the proper adsorbing bed, this technique may also be utilized to
separate other gases, such Oz or Ar. (Smith and Klosek, 2001).

o Heat or
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Figure 13: Diagrammatic illustration of PSA technology (Atlas Copco, 2023).

2.3. Ammonia production technologies

Chemicals can be evaluated and classified in the similar manner as H. has been classified in
NACFE scale (Figure 4). In case of NHj, this classification depends on the type of process
used for its synthesis from N2 and Hz. The NACFE classification for NHz can be outlined as
following (Table 2).

Table 2: Ammonia production pathways by hydrogen source (Tjahjono et al., 2023).

Brown-NHs Coal gasification produces H.
Gray-NHz3 SMR is used to extract Ha.
Blue-NHs Brown or gray NHs; combined with a carbon capture method.
Bio-based green H. is generated by biogas or biomass.
NH3
Electrified (green)- H; is created via the processes of electrolysis and air separation.

NHs
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N2 is not part of the current supply chain/energy conversion classification because the
element is available in an indirect sense during gasification and reforming processes as well
as through electrified air separation (Parajuli et al., 2015). To achieve a more sustainable
synthesis of NH3s, two key factors must be addressed: the sustainability of the reactants used
and the overall process of producing the final product. Both of these aspects are essential in
determining the sustainability of a chemical reaction (Parajuli et al., 2015). According to a
comparison of several production pathways, gray NHs plants emit around 1.6-4 tons of CO>
per ton of NHs, with the following ranges being more precise: For gasification-based
facilities, or brown NHz, the CO2 eg/kg NHs is 3.66-5 kg (Mohamed et al., 2024). To
accurately estimate the CO2 emissions from NHz generation, external factors must be taken
into account as well. Therefore, one crucial factor in converting the traditional HB process
to fully electrify is the carbon intensity of the local energy production (Mohamed et al.,
2024).

2.3.1. Haber-Bosch process using natural gas or coal as feedstock

Production of NHs by the HB process makes use of fossil fuels in large quantities, which
increases the attention of the operation while raising environmental issues and largely
contributes to CO2 emissions (Figure 14). Syngas, a combination of CO and Ha, is the
primary product of the highly endothermic catalytic reaction between CH4 and steam in SMR
(Equation 14). In the water-gas shift process that follows, CO can be further converted with
steam to produce more H. (Equation 15). This two-step process is essential for improving
H> production efficiency from CH4 feedstock (Driver et al., 2019). CO in NH3z production
plants is emitted from two main sources, one is where Hz is used to synthesize NHz, and
another source is the ignition of fossil fuel to release heat that is used in SMR. This
dependence on fossil fuels also aggravates GHG emissions and this poses difficulties in
meeting climate goals (Nemitallah et al., 2024).

AH
CH, + H,0 «— CO +3H, AH = +206kj/mol (1)

Water-gas shift (exothermic)

AH
CO+ Hy0 — CO, +H, AH =—41kj/mol (15)
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In the green NHs process, N2 is conventionally recovered from ASUs, predominantly
employing cryogenic methods (Smith and Klosek, 2001). This forms NHz by reacting an

exothermic reaction between the H. and N2 (Equation 16).

AH
3H, + N, — 2NH; AHr = —92kj/mol  (16)
Ammonium carbamate (NH,CO,NH,) formation (fast & exothermic):

A fraction of the CO. by-product from the SMR process in the NH3 producing plant reacts
with NHz3 in the urea plant (Equation 17).

AH
2NH; + CO, <> NH,COONH, AHr = —117 kj/mol 17)

Urea production (slow & endothermic) (Equation 18):

AH
NH,COONH, < CO(NH,), + H,0 AHr = +16 kj/mol  (18)
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Figure 14: Conceptual diagram showing the main components and flow in the HB process
(Nemitallah et al., 2024).

This process requires about 0.73-0.75 tons of CO> per tons of NHz (Muradov and Muradov,
2014). But the overall CO. emissions embodied in one ton of urea production are still
estimated to be 1.74-7.64 tons COy/ton utilized (Muradov and Muradov, 2014). Thus, the
synthesis of NH3 and urea by using fossil fuels especially employing SMR represent one
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among highly carbon-intensive industry, contributing nearly 1.3% to global GHG emissions
(Driver et al., 2019).

Over the years, the efficiency of the HB process has notably improved, lowering the energy
requirement from over 100 GJ per ton of NHs to around 28 GJ per ton, reflecting the use of
the best available technology today (Li et al., 2024). This energy consumption is approaching
the theoretical minimum of 18.6 GJ per ton of NHs, or 22.2 GJ per ton when accounting for
auxiliary units in a conventional gray-NHs plant (Li et al., 2024). The CO2 emissions linked
to the syngas production sector have also decreased as a result of this development.
Nowadays, the reforming plants are mostly responsible for this energy consumption, making
up over 80% of the total energy consumed in a normal NH3s generation process (Ye et al.,
2017). Therefore, it is essential to consider practical constraints whenever new proposals are
developed (Ye et al., 2017).

2.3.2. Non-thermal plasma technology

The technique for producing NHz is continuously being developed. It combines N2 and H:
gases at atmospheric pressure and mild temperature of about 50°C through a non-thermal
plasma-assisted synthesis (Figure 15). It uses a non-thermal plasma-assisted synthesis to
combine N2 and H> gases at atmospheric pressure and low temperatures of around 50°C
(Ghavam et al., 2021). When a high voltage applied across two electrodes that are divided
by a dielectric barrier, N2 and H2 molecules combine (Peng et al., 2023).
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Figure 15: An illustration of the non-thermal plasma system (Peng et al., 2023).
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The chemical reaction involved in this process is as follows:

Overall reaction: N, (g) + 3H,(g) = 2NH; () AH—92.62K] |l —2.72 TN
gt

2.4. Urea production technologies

The Bosch-Meiser (BM) process is an established industrial method for producing urea from
NHz and COg, requiring elevated pressures and temperatures (Figure 16) (Kumar et al.,
2021). This process is commercially available in various regions worldwide. The initial step
involves the formation of NH2CO2NHa, which occurs at approximately 167°C and 138 bars
of pressure. Subsequently, NH.CO>NH4 dehydrate to yield urea and water (Kumar et al.,
2021).
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Figure 16: Flowchart of the BM process for large-scale urea production (Smith and Klosek,
2001).

The chemical reaction of this process involves the following steps.
Overall reaction: 2NH3 (1) + CO, (g) = CO(NH,), (s) + H,0 (g)

Ammonium carbamate:

Mj
kgNH,CO,0NH,

2NH; () + €O, (g) = NH,COONH, () AH:=—117.03KJ Il —1.50

Urea synthesis:
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NH,COONH, (1) 2 CO(NH,), (s) + H,0 (g) AH:=—-16.13K]J |1 0.27 W

2.4.1. Overview of individual technologies

Table 3 summarizes the findings of a literature review that aimed to identify the technologies
that could be leveraged to create the components required to synthesize urea to answer the
first part of the study question. Cryogenic separation is one of the widely used commercial
techniques for N2 extraction. The processes that have been discovered for the generation of
H>, NH3, and urea are SMR, HB, and BM, respectively.

Two technologies have been identified for N2 separation, both of which use air as the primary
input and have the capability to separate other gases, such as O» and Ar. PSA is recognized
for its relatively simpler setup compared to the more established CST (Giddey et al., 2017).
Nonetheless, cryogenic separation has established itself as a technique due to its widespread

application in industry and its demonstrated cost-effectiveness (Giddey et al., 2017).

In the course of the research on H> production methods, five approaches were identified for
consideration; four of these rely on CH4 gas, while WE is the only method that stands apart
as an exception. Aa an existing method, SMR uses a lot of energy and releases CO: into the
atmosphere since it functions at certain pressure and temperature settings (Bareschino et al.,
2020). In addition, different approaches offer benefits; chemical looping is operatable at
normal temperatures; autothermal reforming generates its heat source; high temperature
plasma creation reduces CO> emissions by generating carbon black as a byproduct and the
WE does not emit any CO: in the process.
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Table 3: Summary of the various technologies used to separate nitrogen and produce hydrogen, ammonia, and urea.

Obtained Technology Required Intermediate  Sustainability considerations TRL Remarks
product applied feedstock product regarding established technologies
a required ?
Cryogenic Air Established technology 9 In addition to Nz, this method can extract Oz and Ar
separation from air.
technology
Nitrogen Pressure Air functions at room temperature. 9 By adding the right modules, this method can also
swing isolate additional gases, such Ar and O It is
adsorption comparatively simpler to establish, expand, and run
(Kamin et al., 2022)
Energy-intensive because operation requires a high
temperature and pressure.
Steam CH4 Established technology 9 Natural gas can provide the heat needed for the
reforming procedure. As an alternative, electricity can potentially
supply the energy required for the procedure.
Chemical CHa High temperatures and pressures are 5
looping not necessary for the process to
function (Heng et al., 2016)
Autothermal CHs Compared to steam reforming, it 9
reforming requires less energy since the process
Hydrogen inherently supply the required heat in
the reactor (Battista et al., 2017)
High CH4 Solid carbon is yielded as byproduct 5-6 As a byproduct, carbon black is produced.
thermal that cuts down El and allows for
plasma additional sales.
Water H20 Additionally, CO: is not produced 9 Deionized water, which can be sourced from
electrolysis during the reaction by the procedure. freshwater or saltwater, is necessary for it.
Haber- Water, air Hz, N2 Established technology 9 High pressure and temperature are necessary for this
Bosch procedure.
Burning natural gas or other sources can provide the
Ammonia required heat.
Non- Water, air H2, N2 The procedure can be carried out at 1-3 The inverse reaction of NHs breaking down into N2 and
thermal atmospheric pressure and temperature H2 contributes to its low efficiency in NHs generation
plasma (Ghavam et al., 2021). (Ghavam et al., 2021).
Additionally, compared to the HB However, the technique permits comparatively short
process, it produces lower CO2 startup and shutdown durations (Sarafraz et al., 2021).
emissions (Sarafraz et al., 2021).
Urea Bosch-Meiser  CO, NH; Established technology 9 The SMR process, which produces H,, is a source of CO,.

The raw ingredients needed to separate or create a desired product are referred to as feedstocks (European Commission, 2023). (b)

The urea synthesis route includes the manufacture and consumption of the intermediate product.
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The results of the literature research shed light on a number of technological options for
creating the essential components needed to produce urea fertilizer. These revelations
improve comprehension of the possibilities that are accessible, which helps with technology

selection and the creation of various technological routes.

2.4.2. Environmental and economic challenges of conventional urea production

Due to its energy-intensive nature and reliance on fossil fuels, conventional urea
manufacturing frequently faces large environmental and economic challenges. At present,
approximately 80% of the NHz that is circulating in agricultural or industrial systems is
turned to urea fertilizer (Boyce et al., 2024). This is the denser and more manageable form
of NH3 at room temperature, which in turn facilitates easier handling and transportation of
the product. NHs physiological salts and solutions with artificial N2 are responsible for the
entire gain of NH3 worldwide, and they are intensifying demand in NHz market by 83% and
restricting its supply the other way (Qureshi et al., 2022). Apart from its uses in the
production of cleaning supplies and explosives, NH3 has lately come to be acknowledged as
the best fuel source, especially for naval propulsion and RE storage (Lainz Arrarte, 2022).
The rise in fertilizer demand, while NHsz also becomes a potential energy source, is supposed
to boost NH3 production to 197 million tons per year by 2025 (IFA, 2023).

As the most popular N fertilizer, urea is a foremost N supplier, and its demand is increasing
globally. It is essential to the manufacturing of formaldehyde resins, adhesives, and both
liquid and solid fertilizers (Hellman et al., 2013). There are three separate strategies for
managing unconverted chemicals at the reactor outlet while conducting urea synthesis: once-
through, partial-recycle, and total-recycle systems (Yahya and Yahya, 2018). Both NHz and
CO; that remain after the reactor leave the system at low pressure in the once-through
process, which is the most straightforward and requires fewer equipment and operating costs.
These gases are often used as inlets for the synthesis of co-products such ammonium nitrate
(NH4NO3) or ammonium sulphate (NH4)2SO4 (Yahya et al., 2017). This procedure typically
yields a CO: conversion rate of over 75% (Yahya and Yahya, 2018).

By recirculating some of the off-gas to the urea reactor, the partial-recycle method raises the

COz2 conversion to about 87%. The total-recycle system obtains the greatest CO, conversion
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rate, surpassing 99%, despite being the most expensive in terms of investment and operating
costs (Salmon and Bafares-Alcantara, 2021). In urea synthesis, the slow breakdown process
gradually affects the pace of production. The intermediate product starts to break down at
pressures of 35 atm and temperatures of about 135°C. An excess of NH3 is maintained to tip
the balance in favor of urea production since the process is endothermic (Rafiee et al., 2019).

CO», NHg, and unreacted carbamate are recycled back into the reactor during the synthesis.

However, the production of biuret (C2HsN30O.), an undesirable byproduct that can burn plant
leaves and interfere with plant and seed growth, complicates the urea production (Salmon
and Bafiares-Alcantara, 2021). While biuret can be turned back into NHs, this process is
slower than the conversion of urea (Rafiee et al., 2019). Notably, biuret in the soil can
damage seeds for weeks and have a detrimental effect on seed germination (Qureshi et al.,
2022). Urea with high levels of biuret is not suitable for use as a fertilizer, as it reduces the
effectiveness of urea. Therefore, understanding the differences in how urea and biuret

behave is important, especially since conventional urea is widely used in farming.

Green methods for synthesizing urea offer the advantage of reducing CO: emissions while
producing a vital product that is in high global demand. However, a major challenge lies in
scaling this process for industrial applications due to its high energy consumption. It has
been demonstrated that the efficiency of H, production dwindles when WE is used because
of its higher energy demand (Calvin and Purwanto, 2021). This method's efficiency drops
from 65-75% in usual ways to 45-67%, causing a 34% drop in NH3 production. The
production of green urea needs 109 GJ per metric ton of energy, with 91% of the energy
needed for the generation of H». In contrast, the traditional technique of urea synthesis uses
21.6 GJ per metric ton of energy (Calvin and Purwanto, 2021). Furthermore, an International
Energy Agency (IEA) research found that when energy prices fall between USD $1-$4 per
kilowatt-hour, electrolysis becomes a more feasible technology than SMR (Canton, 2021).
Henceforth, given the growing EI from the use of fertilizers since the industrial revolution,
along with other human activities, it is essential to adopt a new approach that aligns human

development with the earth's natural systems.
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2.5. Previous LCA studies on urea production

Agricultural sustainability evaluations are based on scientifically sound methods, with LCA
being a key example. The LCA for urea fertilizer offers a thorough way to examine the
environmental effects of this important product for global food supply. It helps us see how
different technological options can subside the environmental impacts of fertilizers from
production to disposal (Hasler et al., 2015). Therefore, its essential to evaluate the EI of
products early in their development to identify and understand the negative impacts related
to their production, use, and disposal. This allows for changes to be made to reduce these
impacts. By using LCA techniques, both the public and private sectors have begun to pay
more attention to the environmental effects of technology and goods in terms of
sustainability. Development has still persisted in causing environmental deterioration in
spite of these initiatives (Hasler et al., 2015). Although the LCA framework has contributed
to increased eco-efficiency, it is not enough to handle the problems brought on by population

expansion and rising material use (Aldaco et al., 2019).

Numerous studies have investigated the El of urea production over the years, particularly
utilizing LCA methodologies. With an emphasis on factors like carbon emissions, energy
use, and ecological impacts, these studies seek to assess the total environmental impact
connected to the manufacturing of this extensively used N fertilizer (Alfian and Purwanto,
2019). The following analysis examines urea production in various regions worldwide,
providing insights into the challenges and opportunities for enhancing the sustainability of

the production process.

Boyce et al., (2024) used the integrated model to analyze the global environment (IMAGE)
electricity scenarios model and the IEA Ammonia Roadmap to do a thorough LCA of NH3
production in 26 locations between 2020-2050. Three distinct climate scenarios were
examined in the study, with temperatures potentially increasing by 3.5°C, 2.0°C, or 1.5°C
by the year 2100. The results showed that it's unlikely for the NH3 industry to completely
stop emitting GHGs by 2050, even in the best-case scenario, because of leftover emissions
in the production process. But, with strong rules and policies, the climate impact can be cut
by up to 70% for each kilogram of produced NHs. Overall, NH3 production could release

24, 21, or 15 gigatons of CO.-equivalent GHGs, depending on the above stated scenario.
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Kumar et al., (2021) described a fertilizer plant that can make 3850 metric tons of product
each day, aiming for an annual output of 1.27 million metric tons. They used 1 metric ton of
urea as their standard measurement. The study calculated the CF for this production,
focusing on the amount of CO, equivalent released for each metric ton of urea produced.
They used coal from grades G9-G14 to create syngas, with energy values between 4,601 and
3,400 kilocalories. According to the results, each metric ton of urea produced from syngas
generates around 0.714 metric tons of COz-equivalent. This includes 0.27 kg from the
catalyst, 152.45 kg from electricity, 228.31 kg from water, and 333.26 kg from syngas
production.

Saygin et al., (2023) offered valuable guantitative insights into NHs production and its
impacts on Hz and natural gas markets. They noted that the production of 183 million tons
of NHz necessitates around 33 million tons of H; each year, underscoring the importance of
NHs in the global H landscape, which currently totals 94 million tons. The study highlighted
the potential for decarbonization through clean Hz, especially in decreasing dependence on

natural gas, which is mainly utilized in conventional NH3z production methods.

A LCA of multiple types of fertilizers in Germany revealed notable differences in EI (Hasler
et al., 2015). The research indicated that complex fertilizers had greater impacts across
several key categories when compared to single nutrient and bulk blend fertilizers.
Specifically, complex fertilizers were found to be 1.3-1.6 times more harmful regarding
climate change 1.4-1.5 times more concerning for acidification, and 1.2-1.5 times higher in
eutrophication potential. Furthermore, these fertilizers were responsible for depleting fossil
fuel resources by 1.3-1.5 times and mineral and metal resources by 1.2-1.4 times more than
their alternatives. The study also pointed out the promise of new catalytic reduction methods
for producing N-containing fertilizers. These cutting-edge technologies could potentially
reduce nitrous oxide (N2O) emissions by as much as 80%, highlighting the need to lessen

the EI linked to fertilizer usage.

Another research looked at three scenarios: two scenarios that featured thermochemical
gasification of biomass (straw and short rotation coppice) followed by HB synthesis, and the
integration of HB synthesis inside a biomass-fired combined heat and power plant (Ahlgren
etal., 2012). According to the findings, depending on the kind of biomass and the production
technique, biomass-based approaches might reduce GHGs by 50% when compared to

conventional fossil fuel-based N2 production. When compared to traditional methods, these
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biomass-based techniques may also result in a 70% decrease in the amount of fossil fuels
used. The study also highlighted the potential of novel catalytic reduction methods for

producing fertilizers that contain Na.

Another study of same research group provided quantitative insights into the El associated
with the production of NH4NO3s from biomass feedstocks (Ahlgren et al., 2008). The results
indicated that biomass systems exhibit a 22-30% lower CF when compared to traditional
production methods that rely on natural gas. Salix and straw had main fossil energy
consumptions of 1.45 MJ/kg N and 1.37 MJ/kg, respectively, which is much higher than
natural gas's 35.14 MJ/kg. After returning 1.6% and 0.6% of the generated N2 back to the
biomass production, respectively, the projected production capacity was 310 metric tons of
NH3 per day from a 150 MW biomass input, translating to a yearly output of 3,914 kg of N>
per hectare from Salix and 1,615 kg from wheat straw. The acidification potential was
similar for all systems, despite the eutrophication potential was greater for biomass systems

because of nutrient leaking during cultivation.

Alfian and Purwanto, (2019) assessed the El and costs associated with producing green urea
from renewable feedstocks. According to their research, biomass gasification technology
meets the minimal standards for CO2 emissions and production costs. According to the
optimization model, compared to traditional techniques, the production of green urea may
lower expenses by around 20-30% and GHGs by roughly 50%. A thorough approach for
assessing a carbon capture and storage system's energy performance and environmental
impact was put out by Zhang et al., (2014). Three possibilities for capturing post-combustion
CO: in a power plant were examined: a membrane process, a monoethanolamine-based
(MEA) system, and a hybrid membrane-cryogenic method. Due to its higher energy needs
and the EI associated with solvent emissions and degradation, the MEA-based capture
system confronts more hurdles than membrane methods, according to the environmental

impact analysis conducted using LCA.

Fasihi et al., (2021) provided a LCA of green NH3 production using wind and solar hybrid
systems. By 2050, the cost of manufacturing green NHz is expected to drop from 440-630
€/ton NHz in 2020 to 260-290 €/ton NH32030, according to the core findings. Green NH3
may be competitive in some markets by 2030 and might be less expensive than the 300-350
€/ton fossil fuel-based NHz price that has been the norm for the past 10 years. The report

also pointed out that, even with low coal prices, green NH3 generated in China might be less
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expensive by 2040 than NH3z from new coal-based facilities. Furthermore, it is anticipated
that by 2040, the disparity in production costs across the nine major worldwide locations
would be less than 50 €/ton NHj3, indicating that domestic production will be prioritized over

transcontinental trade.

Seay and Badurdeen, (2014) emphasized the integration of economic and resource
constraints into the process design of green urea production and revealed that this method
can achieve an approximate 30-50% reduction in CO2 emissions compared to conventional
production methods. The assessment indicated that the energy consumption for producing
green urea is about 28 GJ per ton, which is pointedly higher than the 21.6 GJ per ton required
for traditional urea production. Additionally, the capital investment for the green process
was estimated at 633 million euros, representing a 33% increase over conventional

production costs.

Aldaco et al., (2019) conducted an economic analysis and a dynamic LCA to look at the
possibility of switching to low-carbon formic acid production. The study analyzed formic
acid generated by electrochemical reduction of CO» (carbon capture and utilization (CCU))
and contrasted it with geological CO. storage and traditional synthesis approaches.
Technical, environmental, and economic perspectives were used in the assessment. The
findings showed that, in comparison to both CCU scenarios and conventional techniques,
carbon capture and storage technology produced more profound CO. emission reductions.
Nonetheless, CCU demonstrated reduced usage of fossil fuels and made a more compelling
economic argument, especially when using green electricity. Yahya et al., (2017) examined
the use of hematite nanowires as a catalyst in the presence of a magnetic field to produce
green urea. With an estimated energy usage of 25 GJ per ton, this novel technology reduced
CO- emissions by almost 40% for every ton of urea produced, as opposed to 28 GJ for
traditional methods. The use of hematite nanowires radically increased reaction efficiency,

increasing the urea output by around 15%.

He et al., (2021) examined how using CO: in the reverse water-gas shift process, which turns
it into syngas, a crucial ingredient for making liquid fuels and power, could be advantageous.
According to their calculations, the manufacture of liquid fuel is responsible for almost 60%
of the life cycle emissions, which come to 129.98 kg CO»-equivalent per MWh. When
compared to gas-to-liquid standalone production systems and natural gas combined cycle

systems that use the same amount of carbon capture, this technology demonstrated a life-
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cycle carbon emission reduction rate of 46.87% and an energy savings of 18.19%. According
to the results of an LCA of H. production using biogas steam reforming, biogas can produce
around 70% of its Ho with an overall energy efficiency of roughly 60% (Braga et al., 2016).
Furthermore, it was discovered that for every kilogram of H> produced, the process produced
GHGs equivalent to around 4.5 kg of CO> equivalent. Furthermore, the production cost of

H> varies between 1.5-2.5 €/kg, depending on the operation's size and feedstock availability.

According to this research, there were a number of effective ways to reduce the Els
connected to the generation of urea. Besides, these LCA investigations have shown a number
of recurring patterns. NH3 synthesis is the phase with the highest El, according to LCA
studies of urea manufacturing (Qureshi et al., 2022). This is primarily because of its high
energy requirement and major GHG emissions. In China, Southeast Asia, and Europe,
among other places, this step of the urea synthesis process is found to be the most carbon-
intensive (Qureshi et al., 2022). Therefore, NHz generation is the main environmental
challenge in urea synthesis due to its pivotal energy consumption and emissions. Secondly,
there are encouraging opportunities to increase the sustainability of urea production through
recent advancements in energy efficiency, carbon capture technology, and the utilization of
RE sources. Modern energy-efficient facilities may drastically reduce emissions, according
to research, underscoring the magnitude of technology advancements in mitigating EI.
Future developments in technology and regional regulatory frameworks will be essential to
lowering the EI of urea manufacturing. These developments will be central in promoting an
environmentally friendly fertilizer production sector as worldwide efforts to embrace more

sustainable farming methods gather momentum.

2.5.1. Identification of research gaps and limitations in existing studies

All supply chain components and EI from different manufacturing phases were carefully
examined in LCA techniques. Studies examining the relationship between water, energy,
and the environment would benefit greatly from this technique, especially those involving
huge companies whose energy systems remarkably rely on fossil fuels (Hasler et al., 2015).
In order to lower CO2 emissions, there is growing interest in incorporating RE into
conventional industrial systems that rely on fossil fuels (Ye et al., 2017). Using RE in CO>
capture operations, turning RE into fuel for industrial uses, and/or using collected CO; as a

raw material in other processes are some of the techniques that may be implemented. It's



49

crucial to remember that every industry has different means of lowering CO2 emissions, and
there isn't a single strategy that works for all of them (Salmon and Bafares-Alcantara, 2021).
LCA treats each process as both a source and a sink, assessing it in light of its surrounding
environment. It develops indicators for effect categories such as toxicity, eutrophication,
acidification, and global warming using inventory databases and a variety of impact
assessment techniques. However, understanding the present and possible future EI of diverse
sectors is a demanding task. LCA is a valuable technique for measuring the effects
throughout the course of a process or product's whole life cycle. However, the quality and
applicability of the underlying data determine how successful it is, which may restrict its use
for predicting in a future that is changing quickly.

Since RE may satisfy all of the process's energy requirements, its usage is essential to the
LCA of green urea synthesis. The chemical industry relies heavily on hydroelectric, solar,
wind, and biomass energy sources. A number of variables, including resource availability,
geographic location, and technical developments, affect how much energy is produced per
cubic meter. The temporal fluctuation of RE sources is a momentous obstacle, though.
Operating expenses may rise if the manufacturing process is rigid and buffer components
are needed to control variations. Armijo and Philibert, (2020) indicated that in RE systems,
batteries could be essential for storing power. A workable alternative is provided by biomass
power plants, which use combustion or other conversion techniques to turn easily accessible
organic materials such as energy crops or agricultural waste into electrical power. Synthesis
plants can then make use of this power. Furthermore, producing biogas by the gasification
of biomass is a practical way to produce H> while simultaneously providing energy and
process feedstock (Alfian and Purwanto, 2019). However, studies indicate that selecting
biomass may profoundly affect CO, emissions. For instance, utilizing natural gas produces
0.78 tons of CO: per ton of NHs, but the biofuel-to-NHs process may release up to 1.78 tons
of CO for every ton of NHs generated (Armijo and Philibert, 2020). Another possible RE
source that may be utilized as fuel is NHs, which is created using the same method. However,
depending on the industrial product's intended final use, this alternative is best suited for
handling energy fluctuations.
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3. Research design and methods

This study employed a systematic methodology and applied techniques from the affirmative
aspect of industrial ecology, performing environmental and cost evaluations using MEFA,
MFCA, and LCA. This investigation concentrated on simulating four technological
pathways for the synthesis of key components used in the production of urea fertilizer, N2,
H>, and NHs.

3.1. Research experimental design

The sustainability claims of technological methods used to produce urea were put into
consideration when comparing them to traditional technologies. The first research question
was investigated by performing a literature assessment to determine the methods available
for the manufacture of materials required for urea synthesis. Each suggested technological
pathway's mass and energy inventories were determined to answer the second research
question. Each system's feedstock, material, and energy inputs and outputs were listed in
these inventories. A LCIA and MFCA were conducted in to address the third research
question. The GWP, PEU, and cost value for each pathway were calculated using the mass

and energy inventories.

Using a modular design approach that viewed each technology as an independent entity,
each technological pathway was distinguished by the integration of discrete technologies.
This method made it easier to integrate into bigger systems and offered flexibility and
scalability (Tseng et al., 2018). Taking into account, it was possible to evaluate the individual
technologies at a system level and look into how they interacted with the environment by
seeing them as parts of a pathway (Moberg, 2006). This evaluation involved examining the
impacts of energy consumption, feedstock requirements, and emissions associated with each
distinct pathway. Furthermore, by changing the sources of CHg, electricity, and water, the

assessments contemplated various scenarios.
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3.2. Identifying key technologies and innovation pathways

Four separate technical routes were developed based on the different technologies found
throughout the literature research. The technologies used to develop these pathways were

chosen based on the following criteria:

e Each technology's sustainability claims were compared to the traditional processes
used to produce urea materials. These sustainability promises included things like

lower CO2 emissions and less need for pressure and temperature.

e The accessibility of literature outlining the mass and energy requirements also had a

valuable consequence on the decision-making process.

To answer the second part of the main study question, four different routes for producing
urea fertilizer including the traditional method have been discovered, taking into account the

technologies covered in Chapter 2.

3.2.1. Established technological pathway

For the extraction of N2 and Ho, respectively, CST and SMR are some of the most well-
known and widely used methods (Chisalita et al., 2020). The HB method now accounts for
over 90% of NHs generation globally (Bargiacchi et al., 2019). These technologies work

together to provide the established process for producing urea fertilizer (Figure 17).
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Figure 17: Established technological pathway for producing urea.
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3.2.2. Green technological pathways

The concept of decarbonizing urea manufacturing served as the basis for the pathway's name
selection, which was influenced by the green NHz technological pathway (The Royal
Society, 2020). Since this framework does not rely on CHg, it is appropriate for areas with
restricted availability to CH4 because H> is produced via WE. The electricity sources that
power the electrolyser, which can be either renewable or non-renewable, have an impact on
the technology's climatic impact. The electrolysis yields Oz as a by-product. The requisite
N2 is derived by the carbon sequestration, while HB produces NHs. These separate
technologies work together to provide the green technological pathway for the

manufacturing of urea (Figure 18).
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Figure 18: Green technological pathway to produce urea fertilizer.

It is pressing to recognise that WE has been progressively employed into global fertilizer
production. For example, a plant in Norway that uses energy from renewable sources to
produce up to 80000 tons of fertilizer annually using Hz produced by WE (Skjeerseth et al.,
2023).

3.2.3. Hybrid technological pathways

This method involved combining a medium TRL (technology readiness level) approach with
more well-known, high TRL technologies. The combination of technologies selected

according to their individual TRL statuses is reflected in the designation.
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HTP, a recently developed technique that reduces CO> emissions by producing carbon black
as a byproduct, is the Hz production technology used. Since this H technology is still in the
prototype stage, PSA a tried-and-true technique that can be scaled when needed is used to
obtain N> (Kamin et al., 2022). The HB method is used to produce NHs. The hybrid
technological approach for urea production is made up of several separate technologies taken
together (Figure 19).
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Figure 19: Hybrid technological pathway for urea fertilizer production.

3.2.4. Progressive technological pathways

The TRL of the technology used for this strategy varies. Evaluating the impact of combining
new technology with conventional industrial processes is the goal. Because of the increasing
TRL of the relevant technologies, this integration is considered progressive. HTP is used to
create Ha, and PSA is used to supply N2. NTP, a developing technique with a poor NH3
output, is used to produce NH3 (Ghavam et al., 2021). This pathway for urea synthesis

comprises several separate technologies (Figure 20).
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Figure 20: Progressive technological pathway for urea fertilizer production.

3.2.5. Overview of mass and energy inventories for technological pathways

The four selected technological pathways i.e., established, green, hybrid, and progressive,

use eight different technologies, each depicted as technological module. These modules

provide the necessary components for the manufacturing of urea and serve as the cornerstone

of the technological pathways (Table 4).

Table 4: An overview of the technological processes involved in synthesizing urea fertilizer production.

Technological N: H2 NH3 Urea Mass and Selection
pathway energy data outcome
accessibility

Established Cryogenic Steam Haber- Bosch- Extensive Selected
separation methane Bosch Meiser data (Baseline)
technology  reforming

Green Cryogenic Water Haber- Bosch- Adequate More
separation electrolysis Bosch Meiser data sustainable
technology (Emerging)

Hybrid Pressure High-thermal Haber- Bosch- Limited data  Selected
swing plasma Bosch Meiser (Emerging)
adsorption

Progressive Pressure High-thermal  Non- Bosch- Limited data  Selected
swing plasma thermal Meiser (Experimental)
adsorption plasma
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3.3. MEFA of technological pathways

Resource efficiency lowers EI by reducing resource usage without majorly altering output
levels. Finding and fixing processes that exhibit inadequate efficiency is crucial to increasing
production efficiency. Monitoring material and energy use is crucial because it presents key
perspectives into the processes involved. This knowledge serves as a useful tool for
understanding the intricacies of these procedures and opens the door to possible production
improvements (Dewulf et al., 2015). A MEFA research boasts a thorough evaluation of the
distribution and buildup of materials and energy within a given system, accounting for both
geographical and temporal aspects. By examining the sources, paths, intermediates, and final
destinations of items, this assessment creates connections between their initial location and
their final destination. However, it is important to understand that the MEFA framework
may vary depending on the particular characteristics used to define the process under study
(Dewulf et al., 2015).

This thesis investigates technical avenues for providing essential elements required in the
synthesis of urea fertilizer using MEFA. Emerging technologies that promise better
performance and sustainability served as inspiration for the pathways employed in this study.
Within the MEFA paradigm, systems thinking is essential since sustainable technologies
prioritize closing material and energy loops and using renewable resources in addition to

increasing efficiency.

3.3.1. Technological modelling

MEFA was carried out for every individual technology within each technological pathway,
including urea, N2, Ho, and NHa. It followed a structured framework to quantify inputs,
outputs, interdependencies across urea production pathways. This protocol comprised of

following steps.

e System boundaries: Modelled cradle-to-gate flows (N2 separation, H> generation,
NHa/urea synthesis), excluding intermediate storage with functional unit as one ton

of urea.

e Technology selection: Pathway specific processes (cryogenic N2, electrolytic Hy,)

with data obtained from literature and Ecoinvent 3 library tool.
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e Flow tracking: Direct linkage of outputs (e.g., Hz), to downstream inputs (NH3
synthesis)

e Inventory aggregation: Summed mass energy flows (489.11 kg of N> for progressive

pathways versus 522.90 kg for established pathways) using Simapro.

e Validation: Cross-checked against the benchmark (e.g., NHs consistency) and 1SO
14040/44 LCA standards.

e Integration: Linked results to environmental parameters (GWP, PEU), and cost

assessments via Simapro, incorporating energy sources (CHa).

The chosen technological pathways for the manufacturing of urea were then
established by combining these technologies. These pathways' modelling was
predicated on the idea that all of the technologies are interrelated and that each
process only produces what is needed for the subsequent stage (Appendix 1). The
model did not take intermediate material storage facilities into account. For instance,
the synthesis of NHzs, which fed into the creation of urea, received direct supplies of
N2 and Hz. This method guarantees that every material required to produce one ton
of urea, the designated functional unit, is present. Additionally, the adoption of
comparable functional units facilitated the examination of mass and energy

inventories across several technologies involved.

It is crucial to emphasize that because different technologies were used for various paths,
varying amounts of essential components were needed for each. For instance, although the
established, green, and hybrid pathways require 522.90 kg of N2 to produce 1 ton of urea,
the progressive pathway require 489.11 kg (Salmon and Bafiares-Alcantara, 2021).
Similarly, the established, green, and hybrid pathways consume 135.96 kg of H», the demand
of progressive pathway is about 104.81 kg H> (Calvin and Purwanto, 2021). The quantity of
NHs, however, was consistent among all the pathways (Salmon and Bafares-Alcantara,
2021).

The initial phase in the modelling tool used for this study was choosing the distinct
technologies for NH3 synthesis, H2 generation, and N2 separation. Since there was only one

choice, the urea manufacturing process was leading stage. After entering the required
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quantity of urea, the Simapro with Ecoinvent 3 library tool immediately updated the
applicable mass and energy inventories for the selected technologies (Appendix 2). The
sources of energy, water, and CH4 must be defined for the environmental and cost study in
order for the software to automatically provided the required conclusions for GWP, PEU,
and associated costs (Appendix 3). An extensive assessment of the costs and environmental
effects associated with the various technological pathways for urea production was made
possible using two decimals, which helps to capture the minute differences in the data and

computations.

3.3.2. Environmental and cost analysis

Each technological pathway's MEFA included information on the resources and feedstocks
needed to make one ton of urea. The conversion efficiencies of the chosen technologies have
an impact on the amounts of N2, Hz, and NHs required. Using LCIA and MFCA, the
environmental and financial effects of each material or feedstock were evaluated by looking
at its input and output. Depending on their source or location, the power, feedstocks, and
materials needed for the manufacturing paths vary, which affects the GWP, PEU, and costs.
To account for these factors and evaluate their impacts, several scenarios presenting changes
in the sources of CHa, electricity mix and water was developed (Table 5). After that, each

technology approach was examined using the same set of predetermined situations.

Table 5: Each technological pathway's scenarios with changes to the water supply, electricity mix, and

methane gas.

Scenario? CHasource Electricity source Water source
S1 (NGF) Natural gas (N) Global (G) Fresh (F)

S2 (BGF) Biogas (B) Global (G) Fresh (F)

S3 (NEF) Natural gas (N) EU (E) Fresh (F)

S4 (NGS) Natural gas (N) Global (G) Sea (S)

S5 (NSF) Natural gas (N) Swedish (S) Fresh (F)

S6 (BEF) Biogas (B) EU (E) Fresh (F)

S7 (BSF) Biogas (B) Swedish (S) Fresh (F)

(@) To make it simpler to recognize differences in CHg, electrical sources, and water, scenarios were labelled with mnemonic

names.
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Two primary effect categories were the focus of the environmental analysis: PEU (considered
an input category) and climate impact (considered an output category) (Wang et al., 2023). In
order to calculate climate effect, GHG emissions were converted to a standard unit of CO:
equivalent (European-Commission, 2023). In order to balance both short-term and long-term
climatic consequences, a 100-year timeline was used for this analysis since GHGs have varying
lifetimes and capacities for absorbing energy (US-EPA, 2016). The GWP was calculated by
Ecoinvent’s IPCC 2013 GWP 100a V1.03 method and other sources indicated in Appendix 1
(Wernet et al., 2016).

PEU calculated the overall amount of energy used, both directly and indirectly, in a given
process or product (Huijbregts et al., 2010). A comparative study of the different energy
sources utilized in urea synthesis was made possible by its inclusion in this study (Wernet et
al., 2016, European-Commission, 2018). Total PEU was calculated using Ecoinvent's
Cumulative Energy Demand V1.09 technique, which took into account both renewable and
non-renewable energy sources, as well as other sources listed (Appendix 1) (Wernet et al.,
2016). Simparo with the same Ecoinvent package 3, was applied to calculate the GWP and
PEU (Wernet et al., 2016). This enabled to conduct a rigorous environmental impact study of

the process’s components and feedstocks.

To execute a MFCA for generating the functional unit across several technical routes, the
cost analysis was predicated on the mass and energy inventories. It took into consideration
the expenses associated with the usage of materials and energy, as well as the handling of
trash and residues. Nevertheless, operational expenditures like insurance or staff as well as
investment charges were excluded. The pertinent figures for GWP, PEU, and related
expenses were established in order to perform the environmental and financial analysis.
These results were then multiplied by number of inputs and outputs from the mass and

energy inventories to translate into tons of CO, gigajoules (GJ), and euros (€).

By-products that were produced as a result of technological pathways were carefully taken
into account during the analysis. The overall system values were deducted from the
associated values for GWP, PEU, and expenses associated with marketable by-products. The
averted emissions, lessened environmental effects, and economic savings brought about by

the use of these by-products in the market were reflected in this subtraction. This
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methodology was modelled after the LCA substitution approach (Shaked et al., 2015). In the
green route, for instance, O was produced as a byproduct of H. synthesis using WE
technology. Rather of being disposed away as garbage, this O2 can be sold on the market or
utilized again. This method of taking by-products into account enables a more thorough
evaluation of the pathways' economic viability as well as their overall environmental effect.
Electrical or CHs-dependent categories in the mass and energy inventory included cooling
energy, heat, steam, and deionized water. Different modular models were developed for
various categories in order to regulate these relationships. Appendix 3 contains the values

used in the cost and environmental study.

3.3.3. MEFA of individual technologies

The mass and energy inventories for the several individual technologies employed in Urea,
N2 separation, H> production, and NHz synthesis. In the results and discussion section 4.1, a

comparison of their energy and feedstock consumption was made.

3.3.4. Complementary tool

The TRL of each technology and the enthalpy values (covered in Chapter 2) of the chemical
reactions involved were among the data collected for each individual technology used in the

manufacturing of essential components for the synthesis of urea.

3.3.5. Technological readiness level

NASA initially formulated the TRL in the 1970s as a way to assess a new technology's maturity
(Mankins, 2009). On a scale of 1 to 9, 9 is the most sophisticated and established technology.
This study was conducted using NASA's TRL scale criteria (Table 6), which were authorized
under the EU's horizon 2020 research and innovation finance program (European-Commission,
2014). With reference to our study, the TRL was applied to assess the maturity of urea production
technologies with respect to available literature reports. For instance, established technologies
such as HB were rated at highest TRL level, while emerging technologies such as NTP was rated
with lower TRL. This aided to evaluate their feasibility and potential for industrial application

in future urea production pathways.
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Table 6. Scale for the technological readiness level (TRL) (European-Commission, 2014).

Scale Characteristic
1 Essential guidelines followed
2 Technological concept established
3 Proof of concept through experimentation
4 Technology verified in laboratory
5 Technology verified in the relevant environment (industrially relevant for key

enabling technologies)
6 Technology showcased in the relevant environment (useful to industry for

important facilitating technologies)

7 Mechanism prototype practiced in real-world environment
8 The mechanism is completely developed and certified
9 Operational system proven in real-world conditions

3.4. Life cycle assessment (LCA)

According to (ISO., 2006), a life-cycle approach entails assessing the El of facilities,
services, processes, and products at every stage of their life cycle, including design,
manufacture, use, and disposal. More informed decision-making, the use of successful
mitigation techniques, and the discovery of repercussions that would be missed if only
particular steps are taken into account all made possible by this all-encompassing approach.
Methodologies such as LCA embody the life-cycle viewpoint (Ayres, 2002). LCA is a
quantitative set of protocols for environmental system analysis that assesses the potential
impacts and environmental characteristics of a product over the span of its life cycle (ISO.,
2006). It provides a cradle-to-grave perspective by identifying, measuring, and assessing
energy and material consumption at several phases, including production, usage,
transportation, and waste management (Moberg, 2006). Although gate-to-gate partial LCAs
can be carried out, they might not give a complete view of the system and can lead to biased
findings (Shaked et al., 2015). This thesis does not do a complete LCA in the conventional
sense, despite gathering data from the literature on particular phases of the urea production
process and its essential components. Rather, LCA acts as a framework for reference. Goal
and scope definition, life-cycle inventory analysis (LCI), life-cycle impact assessment
(LCIA), and life-cycle interpretation were the four primary stages of LCA that were followed
in this study.
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The LCA's aim and scope phase establishes the parameters for the product system being
assessed as well as the assessment's intended purpose. The system being evaluated is
quantified using a functional unit, which represents the functions or service that creates the
reference flow of materials. Comparing several approaches to accomplishing the same goal
is a common part of LCA. The product systems under comparison must provide the same
function to be considered relevant and equitable. By appropriately specifying the functional

unit, this was accomplished (Hauschild, 2005).

In the LCI phase, measurements were made of the materials, resources, and emissions
associated with the system's operation (Shaked et al., 2015). The reference flow, which is
connected to this inventory, details the precise quantity of a resource or material needed for
each functional unit. Data from many processes were then combined and displayed as the
overall amount of resources used or the total emissions of a certain material (Shaked et al.,
2015). The LCI phase builds on the inventory analysis by connecting the LCI data to the
related environmental impacts. Although the LCI's mass and energy inventories offer
valuable data, they do not enable direct comparisons of the environmental effects of various
scenarios. The magnitude of the effects produced by each process must be evaluated in order

to facilitate these comparisons (Shaked et al., 2015).

3.4.1. Defining boundaries

Throughout the LCA, the interpretation phase should be viewed as a continuing, iterative
process rather than as a final step. This entails estimating the relevance of various
contributions through preliminary screenings across all phases, then focusing in-depth on
processes that surpass certain cut-off criteria. This ongoing assessment makes it possible to
draw conclusions, clarify limits, and offer suggestions in light of the results (Moberg, 2006).
The interpretation phase entails not just comprehending El but also assessing the
assessment's uncertainties. Sources of uncertainty in the LCA results can be found and
measured using sensitivity analysis (Shaked et al., 2015). Sensitivity analysis improves an
LCA's reliability, although its absence does not always render the assessment's findings

worthless.

Examining the LCA of urea production from the extraction of raw materials (cradle) till the
product leaves the manufacturing site, the study focused on a cradle-to-gate approach. The

production of one ton of urea fertilizer was chosen as the study's functional unit. It also
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entailed evaluating two environmental impact categories and their associated costs: primary
energy consumption, which indicated the environmental efficacy of each manufacturing
process, and climatic impact, which was quantified in GHG emissions. NHs, urea fertilizer,

H>, and N2 manufacturing processes were all included in the scope.

The study excluded the gate-to-grave phase of the life cycle, which involves the application,
distribution, and transportation of urea fertilizer. Given their varying geographic locations
for urea production, this deliberate exclusion was adopted to provide a consistent border for
comparison across different technological pathwayss across different scenarios.
Additionally, the growth of infrastructure such as manufacturing facilities, electrical
networks, and roads was not included in the research. This decision was made since the
study's focus was on technological processes and how they directly affected the synthesis of
urea. Incorporating more extensive infrastructural components would have introduced levels

of complexity that were beyond the purview of the study.

3.4.2. Material flow cost assessment and life cycle impact assessment (LCIA) for the
selected pathways

The LCIA and MFCA carried out for the chosen technological pathways were shown in this
section. The techniques for assessing cost effectiveness and environmental effects were

explained in order to shed light on each pathway's sustainability.

3.4.3. Global warming potential (GWP)

GWP compares the heat-trapping capacity of GHGs in the technological route under study
over a predetermined period. It is a crucial metric for evaluating how different operations
and goods affect the environment. Section 4.3.1 provided more information on the GWP

assessment used in this investigation.

3.4.4. Primary energy use

PEU is the total energy obtained straight from natural resources, without any processing or
conversion. It is fundamental for determining the energy-efficient different items or systems.

Section 4.3.2 provided more specific details on PEU for this investigation.
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3.4.5. Material flow cost accounting (MFCA)

In order to identify inefficiencies and reduce waste, the MFCA approach allocated costs to
the materials used throughout a production process. It was a useful strategy for improving

resource efficiency. Section 4.3.3 contains the study's comprehensive MFCA analysis.
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4. Case analysis, results and discussions

The evaluation of various production technologies for N2, Hz, NHz and urea revealed key
insights into the sustainability and energy efficiency. These findings aided in the selection

of more sustainable pathways for urea and NH3 production.

4.1. MEFA for individual technologies

To examine the energy and material consumption, mass and energy inventories were
established for each of the established methods utilized in urea manufacturing, NHs

synthesis, Hz production, and N separation.

4.1.1. MEFA for nitrogen separation technologies

CST and PSA were the two distinct methods taken into consideration for N> separation. The
separation of one ton of N2, the amount utilized as a similar functional unit, served as the
basis for the models. Air and energy were the inputs for both of N2 separation technologies

(Table 7), which produce N2 and N2-depleted air as outputs.

Table 7: Energy and mass inventories for nitrogen separation systems. Positive numbers represent the

system's inputs, and negative ones represent its outputs. Unit of comparison: 1 ton of nitrogen (Kamin et al.,

2022).

Cryogenic separation technology Pressure swing adsorption

Mass (kg) Energy (MJ) Mass (kg) Energy (MJ)
Air 1471.50 - 3523.92
Electricity for - - - 145.50
cooling energy
Electricity - 874.50 - 541.71
N-depleted air -471.50 - -2523.92

N -1000 - -1000
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Nonetheless, there were noticeable variations in efficiency between the energy and mass
inventories. PSA was more energy-efficient than CST as it uses around 20% less electricity
(Kamin et al., 2022). However, PSA uses more than twice as much air than CST, which leads

to increased emissions of N2-depleted air.

The CST model was based on data from Edmonds et al., (2022), where the electrical
expenditure was quantified in megajoules (MJ). Based on the weight composition of the air
and the assumption of 90% system efficiency, the amount of air needed to produce one ton
of N2 was determined. By deducting the N2 output from the total air input, the air exhaust
was calculated. The mass and energy inventory did not include the separation of O, and Ar,
despite the fact that cryogenic separation can also provide these byproducts (Cao et al.,
2016). The data supplied by Osorio-Tejada et al., (2022) was used to simulate the PSA
technology. The unit of measurement for cooling energy was MJ of electricity. The N2 output
was subtracted from the air intake to determine the air exhaust in a similar manner. The

model only considered the production of No.

4.1.2. MEFA for hydrogen production technologies

SMR, WE, and HTP are the technologies that were assessed for Hz production. The standard
functional unit, one ton of Ho, was used as the basis for developing the models. Every
technology generated diverse outputs and depended on different inputs (Table 8). In
particular, WE depends on water, whereas SMR and HTP required CHa as their main input.
In terms of outputs, HTP yielded H2 and carbon black, WE created H. and O, while SMR
produced both Hz and No.
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Table 8: The mass and energy inventories for hydrogen production render a detailed comparison of inputs
and outputs. An input into the system is indicated by the positive value, while an exit from the system is

presented by a negative value. In this investigation, the comparable unit was one ton of hydrogen (Chau et

al., 2022).
Steam methane Water electrolysis High thermal plasma
reforming
Mass Energy Mass Energy Mass Energy
(kg) (MJ) (kg) (MJ) (kg) (MJ)
Air 5347.83
Electricity for
7416.01
cooling energy
Electricity - 1800.00 - 180000.00 - 62129.03
Methane for heat 1729.55 81461.56
Electricity for
66.66
steam in
Water in 31826.12 - 10000.00
Potassium
hydroxide (KOH - - 1.90
sol. 25% wiw)
Methane 2118.17 99774.78 - - 4126.81 194371.28
Steam out -23869.59 -65641.67
Water out -3191.69 - -1000.00
Carbon black - - - -3000
CO, -5824.96
Hydrogen
y- g -0.03
sulphide (H.S)
Nitrogen -3969.75
Nitrogen depleted
-1378.26
air
Oxygen - - -8000.00
Total electricity
7416.01 180066.66 62129.03
consumption
Hydrogen -1000.00 119960.00 -1000.00 119960.00 -1000.00 119960.00

Since SMR is a component of the known route, it was utilized as the baseline for comparing
power usage for Ha generation. It was found that HTP uses around seven times as much
power as WE, which needs about twenty times as much as SMR. HTP used a greater amount
of CH4 than SMR. In terms of water usage, SMR was more than three times as water
intensive than WE. Data from Osorio-Tejada et al., (2022) and Anastasopoulou et al., (2020)
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were used to create the SMR technology model. This model uses CST for both H2 production
and N2 separation. Heat, power, and cooling energy all were used in the operation; the energy
inventory specified how much of each is needed. Air exhaust was computed using the
deviation between the air inflow and the separated N». After deducting the steam and reactive
water from the total water input, the amount of water leaving the system, which was sent to
a wastewater treatment plant was determined. Models by Katebah and Linke, (2022) and
Hren et al., (2023) were used to estimate CO2 emissions, which might be diverted for the

manufacturing of urea.

The model for WE technology used information from Hren et al., (2023) and Naimi and
Antar, (2018). O, was a byproduct of the process, which uses deionized water to make high-
purity Hz. By deducting water used in the reaction from the total quantity of water consumed,
the amount of water sent to the effluent treatment facility was calculated. The information
derived from the HTP model, an electrically driven process that turns CHa into carbon black

as a byproduct in based on the data from Osorio-Tejada et al., (2022).

4.1.3. MEFA for ammonia production technologies

The HB process and NTP technology were the technologies assessed for the manufacture of
NHs. The production of one ton of NHz served as the equivalent functional unit for the
development of both models. The mass and energy inventories revealed that both processes
require power supply, however, the HB process also needs cooling energy, heat and water
fluxes that were not explicitly included in the literature modelling the NTP process (Table
9). The NTP process uses around 40 times as much electricity as the HB process, making it
a very energy-intensive process. Consequently, it may be said that the NTP process uses
comparatively much higher amount of energy than HB (Gautier et al., 2017). The NTP
procedure, however, uses around 6% less N2 and 22% less H» than the HB process, which is

noteworthy.
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Table 9: Ammonia manufacturing methods' mass and energy inventories (Anastasopoulou et al., 2020). An
admission into the system is indicated by a positive value, whereas a negative value denotes an output. One

ton of ammonia is the comparison unit.

Haber-Boach Non-thermal plasma
Mass (kg) Energy (MJ) Mass (kg)  Energy (MJ)
Electricity for cooling energy - 641.54 -
Electricity - 1425.69 - 210672.00
Heat - 51.40 -
H2 -237.75 28477.53 -183.67 21952.67
Water in 939.60 - -
N2 913.24 - 854.61
Steam out -939.13 -563.20 -
NHs -1000.00 -18900.00 -1000.00 -18900.00

The separation of NH3 from unreacted N2 and Hz was incorporated into the model of the HB
technology for NH3 synthesis. The model calculated N2 and H2 demands according to the
data from Osorio-Tejada et al., (2022) and Smith et al., (2020). Both heat and electricity
were used in the process. However, the NTP approach was modelled by the data from
Osorio-Tejada et al., (2022), Carreon, (2019) and Anastasopoulou et al., (2020). The model
incorporated the production and separation of NHs from the unreacted N> and Hz, and this

process was entirely driven by electricity.

4.1.4. MEFA of technologies for urea production

The method considered for production of urea is called BM process. One ton of urea fertilizer
output served as the model's functional unit. In order to manufacture urea, the BM
technology's mass and energy inventory needed water, power, CO2, and NHsz (Table 10).
Because the urea synthesis process depends on CO2, it may work in tandem with other
industrial processes. For instance, CO- created during the generation of H> by SMR may be

used to manufacture urea, increasing total efficiency and lowering waste emissions.
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Table 10: Inventory of mass and energy for urea synthesis process (Li et al., 2024). A negative score denotes
a departure from the system, while a positive value signifies an entry into the system. One ton of urea

fertilizer was the unit of function.

Bosch-Meiser

Mass (kg) Energy (MJ)
Electricity - 475.21
Water in 6110.35
CO2 736.63
NH3 -572.75 10825.21
Water out -6410.38
Urea -1000.00

Based on the data from Kumar et al., (2021) and Zhang et al., (2021), the BM technology
model was constructed. For the BM model, which is powered by electricity, water was an
integral input. By adding the water entering the system and the water produced during the
dehydration of NH2CO2NHj4, as specified by the urea production reaction formula, the
amount of water exiting the system and going to a wastewater treatment facility was

determined.

4.2. MEFA of the technological pathways

Four technical avenues for urea manufacturing were examined in this study. The next

sections provide and evaluate the mass and energy fluxes connected to these pathways.

4.2.1. MEFA of the established technological pathways

SMR and BM have a symbiotic connection in the existing technological pathway, with SMR
supplying the CO2 needed for the manufacture of urea (Table 11). From an input perspective,
SMR consumes adjacent to 44% of the total power, followed by HB at 40% and the BM at
16%. Additionally, 99% of the required heat was produced by SMR. Nearly 56% of water
was consumed in the BM, 39% in the SMR process, followed by 5% by HB. SMR was
determined to be the technology that required most power, water, and energy during the
whole process. In addition, the steam and CO: it generated could be employed in other

systems. However, in this process, a certain amount of CO, was used to produce urea.
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Table 11: Inventory of mass and energy for the establshied pathway for urea synthesis, which included the

HB process for ammonia production, SMR for H; production, and CST for N2. An admission into the system

is indicated by a positive value, whereas a negative value indicates an exit. One ton of urea is the functional

unit utilized.

N-H NH; Urea Pathway total

Mass Energy Mass Energy Mass Energy Mass Energy

(kg) (MJ) (kg) (MJ) (kg) (M) (kg) (M)
Air 727.08 727.08 -
Electricity
for cooling 1008.21 369.07 - 1377.28
energy
Electricity 244.45 816,56 - 475.29 - 1536.30
CH, for
heat 235.12 11075.41 0.67 32.39 235.79 11107.80
Water in 4327.09 537.76 6110.01 10974.86 -
CH, 287.96 13565.31 287.96 13565.31
Steam out -3245.31 -1947.19 -537.78 -322.66 -3783.09 -2269.86
Water out -433.79 -6410.01 6843.80 -
H -135.94 -16309.72 135.94 16309.72 - -
Hydrogen
sulphide -0.004 -0.004 -
(H25)
N -539.71 522.89 -16.82 -
N-depleted

. -187.29 -187.29 -

air
NH; -572.71 -10824.51 572.71 10824.51 - -
CO, -791.94 -736.42 -55.52 -
Urea -100000 -1000.00 -

4.2.2. MEFA for the green technological pathway

With almost 92% of the overall energy requirement, WE was found to be the most energy-

intensive process in the green technical pathway (Table 12). While CST and BM each used

around 2%, and the HB process used approximately 4% of total energy.
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Table 12: The urea manufacturing green pathway's mass and energy inventory included the HB process for

ammonia generation, WE for hydrogen production, and CST for nitrogen separation. Similar to the earlier

tables, an input is indicated by a positive value, while a departure from the system is indicated by a negative

value. One ton of urea is still the functional unit.

N H NH3 Urea Pathway total
Mass Energy  Mass Energy Mass Energy Mass Energy Mass Energy
(kg) (MJ) (kg) (M) (kg) (MJ) (kg) (MJ) (kg) (MJ)
Air 769.42 769.42
Electricity
for cooling 369.37 369.37
energy
Electricity 457.45 24472.21 816,56 475.29 26222.16
Electricity
29.51 29.51
for heat
Electricity
. 14.92 9.08 14.92 14.92
for steam in
Water in 1360.12 537.18 6110.27 8009.33
N  depleted
. -246.53 -246.53
air
Steam out 537.76 322.64 537.76 322.64
Water out -135.94 6410.11 6546.05
CO; 736.23 736.23
H -135.94  -16309.71  135.94 16309.71
Potassium
hydroxide
0.26 0.26
(KOH  sol.
25% wiw)
N -522.91 522.91
NH; -572.74  -10824.51  572.74 10824.51
0] -1087.6 -1087.6
Urea -1000 -1000

BM used around 76% of the total water, making it the most water intensive. The HB process

used 7%, and WE came in second with 17%. Despite NH3z process releases steam, the model

did not account for the heat exchange from this steam. But this could be able to supply heat

for other operations or perhaps for the pathway itself. The BM process needs CO3, but

because this pathway did not produce, thus, an outside supply was required. Therefore, a
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symbiotic link between the pathway and an external mechanism that generates and supplies

CO2 could be advantageous.

4.2.3. MEFA for the hybrid technological pathway

Table 13 provides a summary of the mass and energy flow analysis for this technological
approach in producing the functional unit. The results showed that HTP accounted for 81%
of the total energy consumption, followed by the HB at 11%, the BM at 5%, at the PSA at
3%.

Table 13: Mass and energy inventories for the hybrid pathway, which comprises the HB for ammonia
generation, PSA for nitrogen separation, and the HTP for hydrogen production. An admission into the system
is indicated by a positive value, whereas a negative value indicates a departure from the system. One ton of

produced urea was regarded as the functional unit.

N H NHs Urea Pathway total

Mass Energy Mass Energy Mass Energy Mass Energy Mass  Energy
kg) (M) (kg) (MJ) (kg) (MJ) (kg) (MJ) (kg) (MJ)

Air 1842.64 - - - - - 1842.64
Electricity
for cooling - 76.06 - - - 369.07 - - - 445.11
energy
Electricity - 283.24 - 8447.04 - 816.47 - 475.19 - 10021.95
CH, for
0.81 37.67 - - 0.81 37.67
heat
Water in - - - 537.77 - 6110.12 - 6647.79
CH, - - 561.10 26426.85 - - - - 561.10 26426.85
Steam out - - - - 537.76 322.64 - - 537.76 322.64
Water out - - - - - -6410.00 - 6410.00
CO, - - - - - - 736.57 - 736.57
H - - -135.94 -16309.7 135.94 16309.7
N -522.91 - - - 522.91
NH; - - - - -572.74 ) 572.74 10824.51
10824.51
N for
depleted ) - - - - - ; ; -1319.74
1319.74
air
Carbon
-407.87 - - - - - -407.87
black

Urea -1000 -1000
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The HTP procedure, which also yields carbon black as a byproduct, used up most of the
CHa. Potential symbiotic interactions with external CO2 producers might be investigated
because no direct CO, emissions were produced inside this pathway to fulfil the CO>

requirements of the BM process.

4.2.4. MEFA for the progressive technological pathway

Approximately 94% of the electricity used in the progressive technological pathway was
used by the NTP process, which is followed by the HTP process at 5% and the PSA and BM
processes at 1% each (Table 14). NTP technology's comparatively poor efficiency for NH3
synthesis was the reason for the much greater electricity usage as compared to alternative
paths.

Table 14: The progressive pathway's mass and energy inventory comprises the NTP process for ammonia
generation, PSA for nitrogen separation, and HTP for hydrogen production. An admission into the system is
indicated by a positive value, whereas a negative value indicates a departure from the system. The creation of

one ton of urea serves as this pathway's functional unit.

N H NHs Urea Pathway total
Mass Energy Mass Energy Mass Energy Mass Energy Mass Energy
(kg) (MJ) (kg) (MJ) (kg) (MJ) (kg) (MJ) (kg) (MJ)
Air 172356 - - - - - - - 1723.56
Electricity
for cooling - 71.15 - - - - - - - 71.15
energy
Electricity - 264.94 - 6511.68 - 120657.6 - 475.20 - 127909.4
Water in - - - - - - 6110.10 - 6110.10
CH4 - - 432.51 20372.14 - - - - 432,51 20372.14
Water out - - - - - - 6410.00 - 6410.00
CO2 - - - - - - 736.34 - 736.34
H - - -104.82 -12572.91 104.82 12572.91
N -489.12 - - - 489.12
N for
-123446

depleted air 1234.46

NHs 13197 - - - ) - 572.74
572.74

Carbon
black

31442 - - - - - -314.42

Urea - - - - - - -1000 - -1000




74

4.2.5. The summary of technological pathways and their mass and energy inventories

Table 15 presents an examination of the mass and energy inventories of the various paths.

Table 15: The mass and energy fluxes for the four urea production pathways were compared. A negative

score denotes a departure from the system, while a positive value signifies entrance into the system. The

functional unit is one ton of urea.

Established Green Hybrid Progressive
pathway Pathway pathway pathway
Mass Energy Mass Energy Mass Energy  Mass Energy
(kg) (MJ) (kg) (MJ) (kg) (MJ) (kg) (MJ)
Air 727.08 769.42 1842.64 1723.56
Electricity
for cooling 1377.28 369.07 44511 7115
energy
Electricity 1536.30 26222.16 10021.95 127909.42
Electricity
29.51
for heat
Water in 10974.86 8009.33 6647.79 6110.10
Electricity
] 14.92 9.08
for steam in
CH4Forheat 235.79 11107.80 0.81 37.67
CH, 287.96 135665.31 561.10 26426.85  432.51 20372.14
Steam out 3783.09 2269.86 -537.78 -322.66 537.76 322.64
Water out 6843.80 6546.05 -6410.01 -6410.00
Hydrogen
sulphide -0.004 -0.004

(H2S)
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KOH (sol.
25% wiw)
N -16.82
N  depleted
. -187.29 - -246.53 - -1319.74 - -1234.46
air
Carbon
-407.87 -314.42
black
CO; -55.52 - -736.57 - -736.23 - -736.34
0, 1087.66
Urea -1000.00 - -1000.00 - -1000.0 - -1000.00

Following findings were provided from the comparison. Overall, the progressive pathway
exhibited the most electricity consumption pathway, followed by green-, hybrid-, and
established pathways. However, heat was more needed for the established pathway, then on
the green and hybrid pathways. The progressive pathway produced no steam, the established
pathway produced most steam, followed by hybrid and green pathways. In terms of demand,
the hybrid pathway employed the highest amount of CHa, followed by progressive and
established pathway. The hybrid-, progressive-, and green pathways were respectively the
next most water-intensive pathways, after the established pathway. Similarly, the green-,
hybrid-, and progressive pathways were most water producing pathways after the established
pathway. The only process that produced CO; as a byproduct that could be used in the urea
synthesis was the established pathway. While the green pathway generated O, as the
byproduct, the hybrid and progressive pathways produced carbon black, which has

applications in the chemical industry.
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4.3. Material flow cost accounting (MFCA) and life cycle impact assessment
(LCIA) for the subjected pathways.

The third research question was addressed by looking at the results of the seven scenarios,
which were differentiated by the variations in the water source, CH4 source, and the power
mix for the four technological pathways (Table 5). It's crucial to remember that the green
pathway's technologies do not rely on CH4. Hence, changes in CH4 supplies, whether from
biogas or natural gas, have no effect on this pathway. As a consequence, S1 (NGF), S2
(BGF), S3 (NEF) and S6 (BEF), S5 (NSF) and S7 (BSF) scenario pairings all provide the
similar outcomes. For the sake of simplicity, the green pathway only addressed the first

scenario of each pair (S1, S3, S5).

4.3.1. Global warming potential (GWP)

Figure 21 reveals that the scenario with fresh water S7(BSF), biogas, and the Swedish
electricity mix yielded the lowest CF value for the defined pathway. The scenarios with the
European (S6 BEF) and global electrical mixes (S2 BGF) came next, respectively. In this
instance, the power mix had less of an effect on the total emissions than the CHs source.
Despite the least GWP value for the green pathway, the Swedish electricity mix scenario (S5
NSF) was succeeded by the European (S3 NEF) and global (S1 NGF) scenarios. This
suggested that the most important element was the energy source, which was followed by
the water source. Similar to the existing biogas pathway, the hybrid pathway"s scenario with
the Swedish electricity mix (S7 BSF) and the European electricity mix (S6 BEF) achieved
the minimum score for GWP. Notably, the scenario employing natural gas with Swedish
electricity mix (S5 NSF) emitted lowest GHG emissions compared to the scenario using
biomethane with global electricity mix (S2 BGF), suggesting that the electricity source has
greater impact on emissions than CH4 source. Finally, the biogas scenario with the Swedish
electricity mix (S7 BSF) likewise had the lowest GWP value in the progressive route. This
was followed by biogas with the European mix (S6 BEF) and natural gas with the Swedish
mix (S5 NSF). This implied that the source of electricity had a slightly greater impact than

the source of CHa.

The CF of the inputs utilized in this investigation varied, which is why the findings varied
(Appendix 1). For example, the CF of 1 MJ of natural gas was greater than that of biogas. In
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a similar line, the CF of 1 MJ of global electricity was higher than that of the European mix,
which was in turn higher than the Swedish mix. Freshwater exhibited a lower CF per kg
compared to seawater. Therefore, biogas, Swedish electricity mix, and freshwater were
included in the scenario with the lowest GWP (S7 BSF) across all technological pathways,
but S4 (using natural gas, global electricity, and seawater) had the greatest GWP since it
mixed inputs with the highest CF. Additionally, because the by-products produced in the
technological pathways could be sold or reused rather than being disposed of, they benefit
to lower the total GWP. Thus, the inclusion of byproduct can occasionally lead to negative
GWP values, as observed in S7 (BSF) across the green (-0.66) a hybrid (-0.45) pathway
(Figure 21).
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Figure 21: The GWP was computed was for 7 scenarios i.e., S1 (NGF: natural gas, global
electricity, freshwater), S2 (BGF: Biogas, global electricity, freshwater), S3 (NEF: Natural
gas, EU electricity, freshwater), S4 (NGS: Natural gas, global electricity, seawater), S5
(NSF: Natural gas, Swedish electricity, freshwater), S6 (BEF: Biogas, EU electricity,
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freshwater), S7 (BSF: Biogas, Swedish electricity, freshwater) with varying methane,

electricity, and water sources for the production of one ton of urea.

From a scenario’s standpoint, the following findings were scrutinised. The established
pathway exhibited the lowest GWP values among the three given scenarios, followed by the
green pathway in three more, and the hybrid pathway in one specific scenario. In every case,
the progressive pathway consistently produced the highest GWP values. With the second-
highest energy consumption and no reliance on CHys, the green pathway benefits from low-
emission electricity sources such as the Swedish and European mixes, which lowered GWP
values. Similarly, the hybrid pathway upside from the use of lower-emission sources
including biogas and European power mix, which had the greatest CH4 requirement and the
third-highest electricity usage. Because of its high-energy consumption, the progressive
pathway benefits from employing the Swedish and European mixes, and when biogas was

used as the CHg source, its GWP could further be decreased.

4.3.2. Primary energy use (PEU)

The scenario using freshwater (S7 BSF), biogas, and the Swedish electricity mix received
the lowest PEU score for the given pathway. The scenarios with natural gas, freshwater, and
Swedish electricity mix (S5 NSF) and with just the energy source swapped to the European
electricity mix (S6 BEF) came next (Figure 22). In this case, the electricity and CHa sources
were both indispensable. The green pathway scenarios featuring the lowest PEU score were
those that used freshwater and Swedish electricity mix (S5 NSF). Those which employed
the global and European electricity mix (S3 NEF, S1 NGF) conformed to these pathways.
The electricity supply was the most formidable component followed by the water source.
The hybrid pathways™ three lowest PEU values matched the established pathway. The
scenarios with the lowest score for CH4 and electricity sources were those involving the
European electricity mix (S6 BEF), the scenarios with natural gas, the Swedish electricity
mix, the freshwater (S5 NSF), and the scenario with biogas, the Swedish electricity mix and
freshwater (S7 BSF), respectively. The progressive pathway's lowest PEU score was

observed in the scenario employing biogas, the Swedish electricity mix, and the freshwater
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(S7 BSF). To emphasize the centrality of the electrical source, this scenario was followed by
the identical scenario with the natural gas (S5 NSF) and the scenario with biogas, European

electricity mix and freshwater (S6 BEF).
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Figure 22: PEU for the 7 technological pathways i.e., S1 (NGF: natural gas, global
electricity, freshwater), S2 (BGF: Biogas, global electricity, freshwater), S3 (NEF: Natural
gas, EU electricity, freshwater), S4 (NGS: Natural gas, global electricity, seawater), S5
(NSF: Natural gas, Swedish electricity, freshwater), S6 (BEF: Biogas, EU electricity,
freshwater), S7 (BSF: Biogas, Swedish electricity, freshwater) for producing one ton of

urea.

The variable PEU values considered for the different inputs in this study were the cause of
the variances in PEU (Appendix 1). In comparison to biogas, natural gas has a greater PEU
per MJ for CH4. The global average mix featured greater PEU score by way of electricity
than the electricity mix, and it was far greater over the Swedish mix. Evidently, the seawater
had a higher PEU than freshwater. Of all the technological pathways, S7 (BSF), which used
the inputs with the lowest PEU values, biogas, the Swedish electricity mix and freshwater
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exhibited the lowest PEU score. Because S4 (NGS) employed sources with the greatest PEU

values, it recorded the highest PEU value for all pathways.

The following findings were examined from the framework of the subjected scenario. The
established pathway exhibited the lowest PEU among four scenarios, whereas the
progressive pathway showed the highest PEU among three scenarios. The hybrid pathway
placed second in each case. Using lower PEU sources, especially the Swedish and European
electricity mixes, benefitted the hybrid pathway, which had the highest CHs need and the
second-lowest energy use. The progressive pathway, which was notable for its higher
electricity consumption, exhibited a lower PEU when using European and Swedish
electricity mixes. It continued to have the highest PEU across all scenarios in spite of these

drops.

4.3.3. Material flow cost accounting (MFCA)

The scenario with fresh water, natural gas, and global electricity mix (S4 NGS) yielded the
lowest cost for specified pathways, as shown in Figure 23. The scenario including natural
gas, Swedish electricity mix, and freshwater (S5 NSF) achieved the second position and
followed by the natural gas, global electricity mix, and freshwater (S1 NGF). The CH4 source
in this instance had more expansive implications than the electricity source. The established
pathway and the green pathway both demonstrated the similar pattern of events. Besides S1
(NGF) and S5 (NSF), the scenario involving natural gas, global electricity mix, and seawater
(S4 NGS) proved least expensive. The most important factor was the electrical supply, which
was followed by the water source. The scenario with natural gas, fresh water, and a global
electricity mix (S4 NGS) had the lowest cost for the hybrid pathway. After there appeared
S1 (NGF) and S5 (NSF). The source of CHs was more influential in this instance than the
electricity source . The scenario with natural gas, global power mix, and sea water (S4 NGS)
had the lowest cost for the progressive route. This was followed by the scenarios with fresh
water (S1 NGF) and biogas, global energy mix, and fresh water (S2 BGF) and in this way,
the source of electricity was more imperative than the CH4 source. These discrepancies were

explained by the different assumptions made about the prices of the different inputs
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(Appendix 1). One MJ of biogas costs more than natural gas for CHs. The Swedish mix was
more expensive than the global mix, and a MJ from the European mix was more expensive
than the Swedish mix in terms of electricity. Freshwater was more expensive than seawater.
S4 (NGS) has the lowest cost of all the technological pathway because it used the least
expensive water sources, power mix, and CH4. Due to its utilization of the most expensive
inputs, S6 (BEF) had the highest cost.
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Figure 23: Depending on the inputs utilized, the cost of each scenario i.e., S1 (NGF:
natural gas, global electricity, freshwater), S2 (BGF: Biogas, global electricity, freshwater),
S3 (NEF: Natural gas, EU electricity, freshwater), S4 (NGS: Natural gas, global electricity,

seawater), S5 (NSF: Natural gas, Swedish electricity, freshwater), S6 (BEF: Biogas, EU
electricity, freshwater), S7 (BSF: Biogas, Swedish electricity, freshwater) for

manufacturing one ton of urea varies.

In six of the seven situations that were examined, the established pathway consistently
showed the lowest cost. The green pathway, however, was the least expensive in scenario

S2 (BGF). The progressive pathway largely differed from the other pathways, and despite
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experimenting with many situations, its associated cost was more than 10 times that of the
least expensive option in each scenario. The results demonstrated that in comparison to the
incumbent technology, the alternative technologies displayed valuable declines in GWP and
PEU values. However, it was difficult to do and failed to find simultaneous reductions in
GWP, PEU, and costs. The green pathways under scenarios S3 (NEF) and S5 (NSF)
outperformed the established pathway and generated major reductions in GWP values.
However, in these spots, it was demonstrated that the green pathway had higher PEU and
cost values than the established pathway. In scenario S2 (BGF), the green pathway disclosed

higher GWP and PEU values, but it was relatively less costly than the established pathway.

It is relevant to highlight that the green pathway did not perform better than the established
pathway on the basis of PEU values in any of the investigated scenarios. The hybrid pathway
unravelled greater GWP and PEU scores than the established pathway for S3 (NEF), S5
(NSF), S6 (BEF), and S7 (BSF). It is noteworthy, therefore, that the hybrid pathway's
expenses were more than those of the conventional approach. The established pathway
simultaneously displayed the most favourable outcomes for GWP, PEU, and cost in
scenarios S1 (NGF), S4 (NGS). The progressive pathway in S5 (NSF) and S7 (BSF)
outscored the established pathway when considering the GWP, however, both its PEU and
cost were higher. Interestingly, in every scenario that was examined, the progressive

pathway continuously produced the greatest PEU and cost values.

4.4. Selection of technologies and methodologies

When compared to existing technologies, the sustainability claims of the unproven
individual technologies differed. Better environmental performance was not necessarily the
outcome of this divergence, though. For example, a technology could use substantial power
even when it does not require high temperature or pressure. It is noteworthy that existing
technologies tend to function more efficiently than new technologies that are still in the
research stage due to their maturity (Alfian and Purwanto, 2019). The chosen individual
technologies were presumed to be modular in the process of building the technological
routes. While some of these pathways are now in the pilot or conceptual stages (the hybrid
and progressive pathways, respectively), others are already being used on an industrial scale

(the established and green pathways). Assuming compatibility, the modular approach made
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it easier to integrate these technologies and allowed for the development of other, non-
commercially available pathways. When these technologies are combined, there is a chance
that they will become overly simplistic. A different strategy could be applied to maintain the
same technology, with the exception of the H> production. Because there would be fewer
differences among the technologies taken into consideration, the study would be more
targeted. Given the high energy requirements of some technological pathways, where the H;
generation process primarily relies on heat and electricity, concentrating on Hz production
in particular could be very pertinent (Armijo and Philibert, 2020). A more comprehensive
knowledge of its effects on the system as a whole would be possible if the investigation were
limited to H> production.

4.5. Integration of technologies through an industrial symbiosis approach

Once the different technologies were integrated into a larger route, the study of the mass and
energy inventories for the chosen technological pathways showed areas for improvement.
However, because each technology has unique output and consumption characteristics that
make direct comparisons impossible, it proved unable to identify the most efficient
technology based on mass and energy flows. The CO. demand in the urea synthesis and the
byproducts from SMR, HTP and WE technologies provide the opportunity to integrate these
pathways with external systems through industrial symbiosis. This strategy could make it
possible to value waste products from other sectors. These tactics also aid in reducing the
need for primary energy sources (Persson and Miinster, 2016). Furthermore, it has been
shown that recovering surplus heat has major economic advantages, especially for sectors
like textiles (Sonawane and Keste, 2016). Additionally, CO. collection and reuse provide
creative ways to reduce GHG emissions (Kikuchi, 2003). There is enormous market
potential for the manufacture of chemicals and fuels when CO2 consumption and energy

storage are combined (Koytsoumpa et al., 2018).

The industrial symbiosis method was in line with the MEFA used in this study, which
emphasized the possibility of recycling by-products produced along various technical routes.
These by-products could be used in later steps of the process or in the same process. For
instance, the SMR’s reliance on the heat could be extensively surged by a symbiotic
relationship with other systems that produce surplus heat (Gautier et al., 2017). Furthermore,
some of the activities in the green and hybrid pathways produce CO2, which may be
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expanded upon. Additionally, by-products might be sold to other sectors, which would lower

the need for PEU, GWP, and total expenses related to these pathways.

There are several benefits to using biogas as a CH4 source rather than natural gas. It further
facilitates the deployment of a product derived from biomass, which produces biofertilizers
as a byproduct while lowering the GWP and PEU (Bioenergy, 2023). Despite the fact that
biogas is more expensive than natural gas, its advantages for the environment extend beyond
lowering emissions (Minh et al., 2018). Other benefits of using biogas include assisting the
closing of the nutrient loop and generating value from biomass resources. Government
subsidies or economies of scale for production facilities would be necessary for biogas
adoption in order to compete with natural gas pricing but shifts in the natural gas market
must also be taken into account. If natural gas prices would spiked, the cost distinction
between biogas and natural gas could narrow, which offer biogas an attractive choice from

a financial standpoint (Bioenergy, 2023, European-Commission, 2023).

4.6. Potential deviations in technological pathways

There may be difficulties in making the switch to decarbonized industrial processes,
especially because of possible cost increases. For instance, in 2021, NHz production was
deemed economically unfeasible when only dependent on energy. It was determined that
lowering the electricity costs and related process equipment would make such a method
economically viable (Fasihi et al., 2021, Zhao et al., 2021). However, these circumstances
are also modified and are highly susceptible to price fluctuations. The cost analysis
conducted in this investigation was subjected to changes in the market pricing, even it is
based on certain assumptions. This could jeopardize the correctness of model. However, the
time variations have minimal of an impact on the GWP and PEU numbers, offering a more

reliable means to evaluate the EI.

As previously stated, GWP was markedly lower for the green pathway than for the
established pathway. In order to minimize its GHGs, the green pathway's performance was
directly related to the supply and utilization of RE. Using power from Sweden and Europe,

which both have low GWP, is essential to maximizing the benefits of this green route.

In terms of lowering both GWP and PEU, the hybrid pathway, which depends on both

electricity and CH4, proved superior to the established pathway. This benefit was achieved
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by the byproduct generation of carbon black which lowers the GWP and PEU score of the
pathway. These findings indicated that the European and Swedish electricity sources
contribute more to the reduction of GWP and PEU than do the natural gas or biogas sources
of CHa.

The progressive pathway has traits that were comparable to those of the established, despite
its reliance on both electricity and CH4. However, by employing the electricity with lower
GWP, particularly the Swedish electricity mix, and manufacturing carbon black as
byproduct, the GWP score drop in the established pathway. This decline results from the

similar process that produces carbon black and lowers the pathway's GWP.

Simultaneous reductions in GWP, PEU, and costs were not achievable under the
assumptions provided in this analysis. It's crucial to remember that expenses might alter
depending on a number of factors, including gas shifts in the price of energy for the Swedish
and European mixes. The cost used in this work was calculated on the second half of 2022,
when the consequences of Russian attack on Ukraine on the energy system caused the
electricity costs to be exceedingly expensive (Cam, 2023). The use of these variables
impacted the costs in the associated scenarios, which may also contribute to elucidate why

the alternative technological pathways had higher prices.

4.7. Comparative evaluation of environmental and cost factors

The results of this work revealed that GWP for producing one ton of urea from NHs varied
from 1.83-2.26 tons of CO; equivalent with respect to the individual scenario. It is notable
that the GWP for generating one ton of urea from NH3z and CO varies from 1.48-3 tons of
CO2 equivalent, depending on the region (Hoxha, 2019). After taking into consideration
regional differences, the GWP estimates in our study ranged from 1.83-2.26 tons of CO>
equivalent per ton of urea. Using electricity and natural gas statistics from the European
scenario, the simulation findings for the established pathway produced a GWP score of 1.81
tons of CO2 equivalent compared to 1.61 tons as reported by Hoxha, (2019). Although the
numbers found in this investigation were within the range documented in the literature, it is
crucial to remember that little is known about the precise technologies employed in these

procedures or the presumptions that underlie their computations.
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The GWP and PEU to produce one ton of urea in Europe (without infrastructure) were 3.32
tons of CO> equivalents and 63.63 GJ, respectively, based on the data from Ecoinvent library
(Wernet et al., 2016). According to literature reviews, the technologies utilized in this
estimation were up to date. The Ecoinvent calculations take into consideration the uptake of
CO: from the manufacturing of NHs as well as the production of urea and its transportation
to regional warehouse. On the other hand, the modelling tool used for this study produced
similar values of 2.05 tons of CO- equivalent and 39 GJ utilizing European electricity,
natural gas, and fresh water under the specified technological scenario. Although our model
and the one outlined in Ecoinvent have many similarities, there were also discrepancies in
the assumptions made and a lack of information on the technology utilized to manufacture

NHs. These elements made it impossible to compare the values directly.

Agreeing to Ecoinvent library, the GWP and PEU for the production of one ton of urea
excluding infrastructure under global parameters, were 3.33 tons of CO; equivalent and
61.76 GJ, respectively in a previous work (Wernet et al., 2016). Nevertheless, there was no
definition of the precise technologies or presumptions employed in the procedure (Wernet
et al., 2016). In comparison, our modelling tool's figures for fresh water, natural gas, and
global electricity under the predetermined technological scenario were 65.23 GJ and 2.20
tons of CO:z equivalent, respectively. A direct comparison of the numbers was not feasible
since the Ecoinvent data lacks comprehensive information on the technologies and

assumptions employed.

The Ecoinvent library calculates a GWP of 1.99 CO; equivalent and a PEU of 41.41 GJ for
one ton of NH3z production in Europe with excluding infrastructure, determined by the-state-
of-the-art equipment in European NHsz manufacturing plants. The pertinent values in the
simulation, which were based on the established pathway, with European electricity, natural
gas, and fresh water were 71.17 GJ, and 4.78 tons of CO2 equivalent, respectively. Even if
these figures distinctively differ, a precise explanation is impossible due to the Ecoinvent
data's lack of specific information. These disparities are caused by a number of factors,
including differences in modelling techniques, technology, and presumptions about how
COgz is treated as an emission or a byproduct. CO2 was regarded as an emission rather than

a byproduct in our computation tool.

As reported in Ecoinvent library, the GWP and PEU for one ton of NHz production for global

conditions, excluding infrastructure, were 3.02 tons of CO: equivalent and 60.63 GJ,
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respectively. Nevertheless, no information is provided on the technology or assumptions that
were employed in the computation. According to the defined pathway, our modelling tool's
comparable figures for global electricity, natural gas, and fresh water were 125.96 GJ and 5
tons of CO2 equivalent. Even if there were notable disparities between these numbers,

without more details, it was impossible to offer a comprehensive explanation.

Based on the literature reviewed for modelling individual technologies in this work, the
GWP for producing one ton of NH3z by SMR and CST with HB for Hz and N2 supply was
determined to be 2.41 tons of CO- equivalent under general conditions when natural gas was
deployed. Nevertheless, leveraging the established pathway with the average global
electricity mix and natural gas as CH4, the observed GWP score was 5.02 tons of CO>
equivalents as computed from the simulation. Moreover, the GWP computation also took
into account the transit of NHs to a storage facility, while CO, and steam were regarded as
by-products. However, our analysis made the assumption that steam, and CO were both

emissions.

The GWP of H generation was examined by Chisalita et al., (2020) who found that the SMR
process in Germany produced 3.65 tons of CO equivalent per ton of Hz. However, our
simulation results revealed the GWP score of 14.08 tons of CO: equivalent for the SMR
process using European electricity mix. Despite sharing multiple characteristics, including a
modular approach and cradle-to-gate perspective, the GWP of two models distinctively
diverged. The GWP calculation incorporated the CCS technology, which reduced CO:
emissions. However, this model did not include carbon capture and instead took into account
CO2 emissions as a whole. The comparison of findings was considerately impacted by the
use of CCS technology.

The GWP of employing CST to produce one ton of N2 in Germany was equal to 0.09 tons
of CO- equivalent (Chisalita et al., 2020). According to this study, one ton of N2 by CST
yielded a GWP of 0.07 tons of CO2 equivalent under European electricity mix. The
consistency in these findings could be explained by the fact that Chisalita et al., (2020) was
one of the literature source that was contemplated in this work. The assumptions made by
the two models do differ, though, especially with regard to the electricity supply. Our work
utilized the European electricity mix, whereas the author used the German mean mix. It is
noteworthy that German mix consistently showed higher GWP score than the European

electricity mix (European Environment (Agency, 2022).
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The modelling tool employed in this study estimated that S1 (NGF) would cost 214€ to
produce one ton of urea using the established pathway. On the other hand, one ton of urea in
the US cost 247€ in July 2024, after peaking at 575 € over the previous 18 months (Cam,
2023). Numerous factors, such as the various technologies employed, the sites of production,
related expenses, and the study's assumptions, might be held responsible for these price
swings. One important consideration is that, at the market level, up to 80% of the urea
production’'s operational expenses might be attributed to the price of natural gas (Canton,
2021). Thus, the quantity of expensed energy has relatively a lower influence on the cost of

urea produced using the established pathway compared to CH4 supply.

4.8. Data quality and uncertainty

This study did not systematically handle uncertainty. Because data and knowledge were
scarce, the different technologies under study were linked to differing degrees of uncertainty.
In order to address gaps in the literature, assumptions were made (section 4.1), which could
have added uncertainty to the study. The modelling of several technologies in this study was
limited by time and availability of comprehensive research that provides accurate
information. Consequently, the capacity to investigate and resolve ambiguities associated
with these technologies was limited. Assuming values that might not fairly reflect the typical
performance of the technology being studied is a risk associated with this. As a result, the
modelling findings may be skewed toward the greatest or lowest values found in the

literature.

An over-reliance on a limited number of databases has an enormous impact on the reliability
of mass and energy inventory calculations, which also impairs the subjected parameters i.e.
GWP, PEU and the associated costs. When evaluating the results, it is important to reflect
the possibility of uncertainties resulting from this. Furthermore, there was no systematic
analysis of how different technologies fit into the technological pathways, or the possible
use of the emissions, wastes, and byproducts produced by these processes. This restriction
made it more difficult to evaluate the risks associated with integrating technology and using
it in different ways. It is crucial to recognize these constraints, nevertheless, and emphasize
that attempts were made to anticipate diverse viewpoints and deal with uncertainty by

looking at various situations. Henceforth, by understanding variations in the electricity
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mixes, CH4 and water source, these scenarios assessed that how modifications to the energy

systems and utilities would impact the life cycle performance of urea production.

4.9. Future research

By examining the biofertilizer manufacturing pathway and contrasting it with the
technological pathways established in this study under Finnish and European settings, it
would be possible to broaden the scope of this research and get insightful information. Based
on the research's findings, a complete trade-off analysis would allow for a detailed
consideration of all available choices and provide insightful advice for decision-making. In
the case of urea manufacturing, the study would specifically evaluate the possible trade-offs
between cost and environmental performance (such as PEU and GWP). According to the
study's findings, it is possible to lower PEU and GWP levels by implementing certain
policies or making technological decisions. These include provision of subsidies for RE
integration, carbon pricing or stricter emission regulations. Besides, carbon border
adjustment mechanism (CBAM), green finance and climate bonds, circular economy
incentives, and direct air capture credits etc could be indispensable. In tandem, technological
innovations such as adoption of energy-efficient production systems, RE use as power
source, or enhanced waste heat recovery systems could be pivotal. It is crucial to remember
that there may not be a proportionate or substantial drop in the cost of producing urea.
Finding the ideal balance between cost control and environmental performance enhancement
would made it easier with the help of a trade-off analysis. Stakeholders may make well-
informed decisions that complement their interests and objectives by carefully weighing

these trade-offs.

It would also be quite exciting to look at how the manufacturing of fertilizer without CH4
would affect prices and environmental aspects of the global fertilizer business. Furthermore,
it is highly relevant to investigate the geopolitical ramifications of fertilizer self-sufficiency
in various locations, especially in relation to the main fertilizer-producing nations of today.
Future research in this domain would broaden our understanding of urea production and it’s

both regional and global implications.
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5. Conclusions

The analysis of GHG emissions, PEU and material flow cost across several scenarios showed
substantial reductions in GWP and PEU for all alternative pathways as compared to the
established pathway. The formation of byproducts along the pathways and the use of
electricity sources with relatively lower GWP and PEU score, such as Swedish and
Electricity mixes, were primarily responsible for these reductions. However, simultaneous
cost and environmental effect (GWP and PEU) reductions were not achievable within the
parameters of the research assumptions. It is crucial to remember that expenses may alter as
a result of factors like shifts in the electricity price for the Swedish and European electricity
mixes. The cost employed for this analysis was based on the second half of 2024, when
power costs were exceedingly elevated because of Russian attack on Ukraine and the
corresponding geopolitical repercussions on the electrical supply. The hybrid pathway
surpassed the established pathway for the calculation of GWP and PEU when accounting for
the Swedish and European power mixes, but it came with higher associated costs. Similarly,
under the identical conditions, the green pathway performed better in terms of GWP but not
in terms of PEU or cost. The progressive pathway outperformed the established pathway in
terms of GWP under Swedish electrical mix conditions, however, neither PEU nor prices
were hiked. It should be highlighted that this pathway makes use of NHs manufacturing
technology that is yet at the early research stages and is expected to have lower efficiency
rates. In contrast to the established pathway, the green pathway radically reduced GWP,
whereas the hybrid pathway simultaneously reduced PEU and GWP. When compared to
global electricity mix and natural gas, using the Swedish electricity mix and biogas caused
enormous decline in both GWP and PEU. These results were specific to circumstances,
technology, and assumptions that were anticipated during this investigation. It may be
possible to simultaneously reduce environmental consequences and expenses in several
settings. The results of this study advance our knowledge of the difficulties and complexity
involved in the economic and environmental analysis of urea fertilizer manufacturing
pathways. To investigate other strategies and maximize the integration of technology within

these channels, further studies are required.
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Appendices

Appendix 1

Individual system models.

100

Cooling Steam GWP kg PE Cost Remarks
energy: source CO2 MJ/unit €/unit
MJ eg/unit
Electric 0.17 MJ of 0.17 MJ 0.17 MJ of Modelled after an electric chiller, which
chiller electricity of electricity requires 0.17 MJ of electricity for every
electricity MJ of cooling energy produced.
Electricity  Electricity GWP kg PE Cost Remarks
Unit: MJ mix route CO2 MJ/unit €/unit
eg/unit
EU 0.08 3.31 0.06 The GWP and PE values for EU and
Swedish electricity were based on data
from 2018 (European Environment
Agency, 2022). The cost data pertains to
the second half of 2024 (European
Commission, 2023)
Sweden 3.1x 10 2.73 0.04
Global 0.13 12.07 0.04 The GWP and PE values for global
electricity were based on data from 2018
(IEA, 2019). The cost data was from 2010
(IEA, 2023)
Electricity Heatsource ~ GWP kg PE Cost Remarks
. CO2 . .
Unit: MJ eq/unit MJ/unit €/unit
Biogas 0.02 0.30 0.01 The calculation was based on the heat
= value of natural gas, which ranges from 42
Natural gas 0.08 1.20 2x10 to 55 MJ/kg. A value of 48.5 MJ/kg was
used (World Nuclear Association, 2023),
assuming methane gas combustion to
produce heat with a 90% efficiency
Steam Steam GWP kg PE Cost Remarks
Unit: kg source e(;:/uorfit MJ/unit €/unit
Electric 0.60 MJ of 0.60 MJ 0.60 MJof  Assuming a 90% efficiency for the electric
boiler electricity - boiler, 0.60 MJ of electricity is required to
of electricity

electricity

produce 1 kg of steam (Engineer Toolbox,
2023; US GS, 2018)




101

Water Water GWP kg PEU Cost Remarks
Unit: kg source e(qC/L?;it MJ/unit €/unit
Deionized 1.2x103 0.03 42x10° Information for GWP and PE was taken
freshwater from Ecoinvent for 1 kg of tap water and
its deionization, using Europe - Alloc Def,
S. Ecoinvent (Ecoinvent, 2021).
The price was calculated by adding the tap
water price in Sweden and the cost for
deionization (RISE Sweden, 2022; Water
Innovations, 2021).
Deionized 6.7 x 1073 0.10 1.3x10°% GWP and PE data for 1 kg of tap water
sea water (sourced from sea water) and its
deionization  were  obtained  from
Ecoinvent, using World - Europe - Alloc
Def, S. (Ecoinvent, 2021).
The cost was determined by combining the
expenses for reverse osmosis and
deionization (Advisian, 2017; Water
Innovations, 2021).
Wastewat Location GWP kg PEU Cost Remarks
er ec?/t?rfi ‘ MJ/unit €/unit
treatment Europe 497x10*  6.7x10°3 2.4x10°%  The GWP and PE data were sourced from
Ecoinvent. Europe and Rest of the World
unit: kg Alloc Def, S. (Ecoinvent, 2021).
World 576 x10* 6.8x10% 2.4x10°  The price is based on the average for
Germany, France, the Netherlands, and
Austria (BDEW, 2015).
CHas unit: Location GWP kg PEU Cost Remarks
kg e(;:/l?rfi . Mdunit  €/unit
Natural gas 3.36 56.75 0.08 For natural gas: the GWP value is sourced
from the Swedish Energy Agency (2016),
PE from Bdrjesson et al. (2016), and prices
are from March 2023, provided by the US
Energy  Information  Administration
(2023).
Biogas 0.97 14.55 0.68 For biogas: the GWP value is sourced from

Swedish Jernkontoret (2011), PEU from
Borjesson et al. (2016), and the 2019 price
for Europe is provided by the International
Energy Agency (2020).




Appendix 2

Simulation tool for analyzing environmental impact and associated costs

Nitrogen Hydrogen Ammonia Urea Total
GWP PE Cost | GWP PE Cost || GWP PE Cost || GWP PE Cost || GWP PE Cost
] ¥ COr ¢ 1
kgCO: | TotlMI | € | kgCO b 1 RCO g e (B0 e e 8O g e
_ & & 1! & &l
A Yoo Tow 0 | 00 |00 0 [fom Jom 0.00 0.00 0.00 0.00 000 | 000 0.00
NDepleedair | 000 | 000 00 [[0m [0 0w [om | ow 000 W |0 0.00 00 | 00 0.00
Coolingeneray || 000 | 000 000 |00 | 060 0.0 0631 | 121908 12035 |[ 000 0.00 0.00 0622 | 121988 | 20356
If'e“‘““'y 36108 | 151006 | 25233 || I6GMIL | 800384 | LMO945 |[gssz0 [ 269181 | 45038 || 38143 | 1570051 | 26203 || 2104821 | 86686203 | 1446431
- 0w |00 L0 o0 oW |00 ;g |0 W [om | om 000 NG | 3[04 049
eam in 5 ™
— gﬁ gx m 01;‘]93 E-ﬂ“ﬂi [')39--0“ w | o w0 ||ow | 0w 00 1993 | 82095 B0
S 2o Tow P e prrry e e | T 000 0.00 0.00 0.00 000 | 000 0.00
— TR T P Y ryr e e | E L 6.90 0717 | 621054 4 |[ 538 | 813016 102,78
a0 Too0 o o0 Tom Lo [omw 0.00 38T | 4998 15575 |[355 | a0l 150.05
@ w0 Tom TRICEEID e [oo 000 0.00 0.00 0.00 000 000 0.00
H w Tom TRITEEID e [0 0.0 §5114 | 305130 | 20410 || 85114 | 350430 | 20411
s W T w on i oL o 0.00 0w | om 000 00 [0 0.00
RoE w o mREEErrEnEr I 000 0.00 0.00 0.00 000 | 000 0.00
3 o w ow T w0l [ 0.0 0.00 0.00 0.00 55 8146 7798
CH: 0.00 0.00 000 | 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NH; 0.00 0.00 000 || 0.00 000 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a W | om 000 || 75507 | ITILE | 6w || 0 [0 0.00 000 0.00 000 54507 | IMTTLSS | -6269.45
Tren | 0w I oo o [om 0.0 0.00 0.00 0.00 000 [ 000 000
GWP kg PE Cost
COze
2€9 Total MJ €
15.26 0.749 8.96
Environmental The expense of
Impact. producing required
quantity of urea.




Appendix 3

Mass and Energy Flow Analysis (MEFA)

The  appropriate
technology for
each material is
chosen. MEFA
utilize the
specified data for
each technology.

The choice of
feedstocks and the
source of methane
influence both the
environmental and
cost evaluations.

The model
computes the mass
and energy
inventory for
nitrogen, hydrogen,
and ammonia
according to the
specified functional
unit of urea
fertilizer

N
Nitrogen Hydrogen Ammonia Urea
Cryogenic separation Electrolysis Haber-Bosch Bosch-Meiser
9999 kg
Water Electricity Mix Methane
Industrial water EU Natural gas
Mass | Energy Mass | Energy Mass | Energy Mass | Energy Mass Energy
i (kg) | (MJ) (kg) | (MJ) (kg) | MT) (kg) | (M) (kg) MJ)
Al 769371 | - - - - - - - 7693.71 | -
N Depleted air 2465.22 - 2465.22 -
Cooling energy - R R 2228258 - - 22282.58
Electricity N 4573.86 244703.02 8163.97 475151 - 26219237
Heat N f - - 292.05 - - 292.05
Steam in B 14955 [ 41125 - - 149.55 | 411.25
Steaw out B - 5377.36 | 3226.43 5377.36 | 3226.43
Water in B 13594.60 537736 | - 61093.88 80065.86 | -
Water out _ 1359.87 - 64093.58 65453.44 | -
Carbon black _ - - -
co - R - - - 7362.91 739291 -
H - 1359.47 | 163080.95 135947 | 16308095 || - - -
HS - - - - - -
KOH _ 25 - 2.58 -
N 5228.46 3 522847 0.39 -
CH: - - - - - - -
NHz - - 5726.71 | 108234.61 || 5726.71 | 10823461 | | - -
o - 10875.68 - - - - 10875.68 | -
Urea B - 9999.00 9999.00 | -




