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ABSTRACT

The growing urgency to decarbonize the global economy has placed hydrogen at the fore-
front of sustainable energy solutions. Among hydrogen production methods, ammonia electrol-
ysis offers significant potential by utilizing existing ammonia infrastructure and supply chains.
This study employs stochastic modeling to estimate the Levelized Cost of Hydrogen (LCOH)
for ammonia electrolysis, comparing it with the more established water electrolysis process.
The analysis integrates uncertainty in critical parameters, such as electricity costs, capacity fac-
tors, and equipment refurbishment events, using Monte Carlo simulations combined with the
ProFAST Python library. Key scenarios for electricity sourcing, including grid and wind-based
power, are evaluated to assess the influence of energy supply variability on cost dynamics. The
study identifies the primary cost drivers and evaluates the feasibility of ammonia electrolysis as
a competitive option for green hydrogen production, offering strategic insights to support the
transition to a low-carbon energy economy.

Keywords — Hydrogen, Ammonia, Electrolysis, Monte Carlo simulation, Stochastic modeling,
Levelized Cost of Hydrogen (LCOH).
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1 INTRODUCTION

The global climate crisis has reached unprecedented levels, with data indicating an accel-
erating trajectory of environmental degradation. According to recent data from the Interna-
tional Energy Agency (IEA), energy-related CO2 emissions achieved a historic peak of 37.7
gigatonnes (Gt) in 2023, marking a 1.3% increase from the previous year (IEA, 2024c). This
concerning trend is predominantly driven by the energy sector, which accounts for approxi-
mately 85% of global CO2 emissions, with coal consumption being the primary contributor to

the recent surge.

Energy-related CO2 emissions and global average temperature
rise above pre-industrial levels, 1950-2023
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Figure 1: Energy-related CO2 emissions and global average temperature rise above pre-

industrial levels
Source: (IEA, 2024¢)

The severity of this crisis is further exemplified by recent temperature records. The year
2023 was registered as the warmest in recorded history, with early indicators suggesting that
this record may be surpassed in 2024. In the twelve months leading to May 2024, 76 extreme
heat events were documented worldwide, resulting in substantial disruptions to infrastructure,

healthcare services, and vulnerable populations (CLIMATE CENTRAL, 2024).
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Average global surface temperatures during this same period suggest the world is nearing
the critical threshold of 1.5°C above pre-industrial levels (C3S, 2024). Although the Paris
Agreement aims to maintain long-term warming below 1.5°C, short-term exceedances highlight
the fragility of this target. Without immediate and sustained global action, the consequences of
surpassing this threshold could be catastrophic, as emphasized by the Intergovernmental Panel
on Climate Change (IPCC, 2023).

The imperative to decarbonize the global economy has never been more urgent. Despite the
expanding deployment of clean energy technologies, which has helped curtail emissions growth
by two-thirds compared to business-as-usual scenarios (IEA, 2024a), more transformative so-
lutions are still required. In this context, green hydrogen has emerged as a critical enabler
of deep decarbonization, with applications spanning industrial processes, transportation, and

energy storage, offering a versatile pathway toward achieving carbon neutrality.

Among the various methods for green hydrogen production, ammonia electrolysis presents
a particularly promising avenue. This process not only enables the production of clean hydro-
gen but also leverages existing ammonia infrastructure and transportation networks, potentially
lowering the overall costs and logistical challenges of hydrogen deployment. Assessing the eco-
nomic feasibility of ammonia electrolysis is therefore essential for guiding strategic decisions

and policy development in the global shift toward a low-carbon economy.

This study aims to develop a comprehensive stochastic model to estimate the Levelized
Cost of Hydrogen (LCOH), incorporating the simulation of equipment failures throughout the
plant’s lifecycle. The analysis will compare the performance and cost dynamics of ammonia
electrolysis with the more established water electrolysis process. Additionally, the study will
identify the primary cost drivers for each method, providing valuable insights to inform the

development and optimization of green hydrogen technologies.
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2 LITERATURE REVIEW

2.1 Energy transition

In light of the serious risks to the planet associated with human-induced climate change,
largely stemming from fossil fuel use, there is growing consensus that a transition in energy

production and consumption is essential (York; Bell, 2019).

Central to the energy transition is the decarbonization of electricity generation and fuels,
which necessitates a substantial reduction in carbon intensity and a comprehensive shift toward
low-carbon energy sources. In scenarios that avoid overshooting the 1.5°C target by 2050,
renewables are expected to account for 52% to 67% of primary energy supply , while coal use
is projected to fall drastically, generally limited to cases where it is coupled with carbon capture
and storage (CCS) technologies (see figure 2). This shift is complemented by a sharp increase
in electrification across the transportation and industrial sectors, raising electricity’s share of
final energy consumption to an estimated 34% to 71% by mid-century. Moreover, significant
energy demand reductions across sectors are projected, driven by efficiency improvements and

shifts in consumption patterns. (IPCC, 2018)

Total energy supply in the NZE
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IEA. All rights reserved.

Figure 2: Evolution of the energy mix towards a net-zero scenario in 2050
Source: (IEA, 2021)
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However, at present, the transition is taking place at a slower pace than required. Demand
for energy is still growing globally, driven by economic growth and population increases. This
escalating demand poses a dual challenge: new low-carbon energy sources must not only fulfill
additional consumption needs but also replace fossil fuels in the current energy mix to reduce

carbon emissions effectively (Ritchie; Rosado; Roser, 2020).

Recent data underscores the urgency of this challenge. In 2022, global energy demand
surged by 8 exajoules (EJ), followed by an even larger increase of approximately 13 EJ in
2023 (see figure 3). This 2% rise in global demand reflects a significant energy requirement in
emerging and developing economies, which more than offset a 2% decline in energy demand
within advanced economies. The increased demand was primarily met by fossil fuels, with oil
and coal consumption seeing notable rises. In fact, fossil fuels accounted for two-thirds of the

total energy demand increase in 2023 (IEA, 2024c).

Global energy demand

A record high level of clean energy came online
globally in 2023, but two-thirds of the overall increase
in energy demand was still met by fossil fuels. ——

Annual change 2022-23
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Figure 3: Energy demand increase in 2023
Source: (IEA, 2024c)

Smil (2019) highlights historical patterns that reveal a slow and incomplete transition from
traditional biofuels to modern energy sources over centuries. Despite advancements over the last
two centuries, biomass fuels still contribute a small but persistent share of global energy. Simi-
larly, coal, though its share has diminished as hydrocarbons like oil and gas gained prominence,
still supplies a substantial portion of energy (see figure 4). Crude oil, despite some countries
reducing their dependency following the 1970s price shocks, remains the primary global en-
ergy source, underscoring the enduring dominance of fossil fuels in the energy landscape and

suggesting that the current energy transition will also be prolonged.

York and Bell (2019) observe that this pattern reflects a broader issue of structural inertia
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Global primary energy consumption by source
Primary energy is based on the substitution method and measured in terawatt-hours.
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Figure 4: Evolution of the share of primary energy sources
Source: (Ritchie; Rosado; Roser, 2020)

within energy systems, where the incumbent fossil fuel regime continues to benefit from ex-
isting infrastructure, market dominance, and policy support. The result is a system in which
renewables expand without necessarily reducing fossil fuel use significantly, posing the risk of
continuing the cycle of energy additions rather than achieving the carbon reduction needed for
climate goals. The authors highlight that this “addition” phenomenon not only fails to displace
fossil fuel use but could, all else equal, reinforce it by lowering overall energy prices, thus

stimulating further consumption.

The scale and scope of a true energy transition, as Davidson (2019) asserts, will require a
systematic approach involving both innovation in renewable technologies and deliberate action
to phase out fossil fuels. According to the author, governments and institutions must consider
policies that actively limit fossil fuel extraction and consumption, potentially through carbon
pricing, regulatory frameworks, and fossil fuel divestment initiatives. Additionally, Fouquet
(2016) notes that policy and government intervention have historically played crucial roles in
energy transitions, indicating that achieving a contemporary transition to renewables will likely
depend on similar levels of governmental action to create conducive environments for renewable

adoption and fossil fuel decline.
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2.2 Hydrogen

Hydrogen is expected to play a pivotal role in the ongoing energy transition, providing a
versatile, carbon-neutral energy carrier that addresses hard-to-abate sectors where renewable
electricity alone may be insufficient. In particular, hydrogen can support long-distance heavy
transport and industrial processes demanding high-temperature heat, such as those in the steel
and cement industry. Moreover, hydrogen’s ability to store energy over long durations and
convert it back to power when needed also makes it valuable for mitigating the intermittency

issues of renewable energy sources like wind and solar (Oliveira; Beswick; Yan, 2021).

Breakdown of total final energy consumption (TFEC) by energy carrier: IRENA's 1.5°C

Scenario
2020 2050 (1.5°C Scenario)
—
374 EJ Total final energy consumption 353 EJ Total final energy consumption
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biomass .Illy4d?§gen
16% (direct use 7%
Modern biomass uses [RELC R Others
22% td 51%
63% Electricity Electricity
Fossil fuels (direct) (direct)
28% 9%
Renewable share in electricity Renewable share in electricity

Figure 5: Projected share of energy carriers in a net-zero scenario
Source: (IRENA, 2024)

In a net-zero until 2050 scenario, hydrogen is projected to account for 14% of the total
final energy consumption, driven mostly by hard to electrify uses (see figure 5). This means
production would need to increase by over five times from current numbers to meet the future

demand (IRENA, 2024).

2.2.1 The “colors” of hydrogen

Hydrogen is not all produced equally, and its sustainability depend largely on the emissions
intensity associated with its production process. To distinguish between varying environmental

impacts, hydrogen is often categorized by color, each indicating the carbon intensity of its pro-



18

duction. Several different classifications exist, so in table 1 are presented those most commonly

found in the literature (Incer-Valverde et al., 2023).

Gray hydrogen

Blue hydrogen

Green hydrogen

Process

Reforming or gasification

with carbon capture

Reforming or gasification

Electrolysis

Energy source

Fossil fuels

Fossil fuels

Renewable energy

Table 1: Hydrogen production pathways
Source: (IRENA, 2024)

Gray hydrogen is produced from fossil fuels, such as natural gas or coal, without imple-

menting carbon capture and storage (CCS) technologies, leading to substantial CO;, emissions.

The global production of hydrogen, which amounted to around 97 million tonnes in 2023, relies

today almost exclusively on gray hydrogen, with around two thirds of this amount coming from

natural gas reforming (IEA, 2024b).

100

Mt H,

90

80

70

60

50

40

30

20

Hydrogen production by technology and by region, 2021-2024

By-product

Natural
gas w/o
CCcus

Electricity

Qil

Fossil
fuels w/

Ccus

2021

2022 2023

By technology

2024e

2023
By region

Region

BRoW

OAustralia

mCanada

OLatin America

D Europe

BIndia

O United States

O Middle East

mChina

Technology

B Electricity

o By-product

mCoal

mOil

mFossil fuels w/ CCUS
ONatural gas w/o CCUS

IEA. CCBY 4.0.

Figure 6: Hydrogen production by technology and by region
Source: (IEA, 2024b)

Blue hydrogen involves the same production process as gray hydrogen, primarily steam

methane reforming of natural gas, but incorporates carbon capture and storage (CCS) technolo-

gies to trap and sequester the carbon dioxide emissions. According to the IEA (2024b), it is

currently the main source of low emisison hydrogen, but still corresponds to less then 1% of

total hydrogen production in 2023. Blue hydrogen is viewed by some as a pragmatic and cost-
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effective bridge towards a hydrogen economy since it can be produced from the retrofitting of

the already existing gray hydrogen infrastructure (Ehlig-Economides; Hatzignatiou, 2021).

Nonetheless, this view has found growing opposition in academia. Howarth and Jacobson
(2021) argue that the lifecycle emissions of blue hydrogen, which include fugitive methane leaks
and residual carbon dioxide, are only marginally lower than those of gray hydrogen. Methane
has a much greater short-term warming effect compared to carbon dioxide, exacerbating blue
hydrogen’s environmental impact. Specifically, the total CO, equivalent emissions for blue
hydrogen are found to be only 9-12% lower than gray hydrogen, and, in fact, 20% higher
than direct natural gas or coal combustion for heat, which would make its use as an emissions
reduction measure a nonsense. The authors also underscore that their analysis assumes that

captured CO; can be stored indefinitely, which is an optimistic best-case assumption.

Green hydrogen, produced by electrolysis using renewable electricity from sources such as
wind or solar energy, is expected to be a pivotal element in the transition to a fully renewable
energy society. Unlike gray or blue hydrogen, green hydrogen is associated with zero direct
emissions, making it a highly attractive option for decarbonizing various sectors (Kovac; Para-
nos; Marcius, 2021).

The European Union (EU) has defined its own criteria to classify green hydrogen, stip-
ulating that it must be produced in countries where over 90% of the electricity comes from
renewable energy sources (RES) or where the emissions intensity of the electricity used falls
below a specified threshold (EUROPEAN COMISSION, 2023). One of the primary principles
in EU’s framework is “additionality,” which requires hydrogen electrolysers to be connected
to newly generated renewable electricity sources, thereby ensuring that green hydrogen pro-
duction does not strain existing renewable supplies but instead promotes an overall increase in
renewable energy generation. Moreover, the framework introduces criteria for “temporal and
geographic correlation” to ensure hydrogen is produced when and where renewable energy is
available, helping to align production with decarbonization goals and avoid undue pressure on
the power grid (EUROPEAN COMISSION, 2023).

However, green hydrogen still remains a very small fraction of total hydrogen production,
with less than 100 kilotons (kt) produced globally in 2023. This limited production is concen-
trated mainly in China, Europe, and the United States, which together account for approximately
75% of global electrolytic hydrogen output. Despite its immense potential, the scalability of
green hydrogen production remains a significant hurdle, largely due to high production costs
and the need for advancements in electrolysis technologies such as Proton Exchange Mem-

brane (PEM) and Alkaline (ALK) (IEA, 2024b). These and other challenges will be further
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discussed in section 2.2.3.

2.2.2 Current and projected future applications of Hydrogen

This section examines hydrogen’s current applications and anticipated future roles using the
framework delineated by Oliveira, Beswick and Yan (2021), who envisions a phased approach
(see figure 7) to ramp up hydrogen’s demand and integrate it across sectors to meet diverse

energy needs while reducing greenhouse gas emissions.
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Figure 7: Ramp-up phases of hydrogen demand
Source: (Oliveira; Beswick; Yan, 2021)

Phase 1: Hydrogen as an industrial feedstock

In the first phase of the framework developed by Oliveira, Beswick and Yan (2021), green
hydrogen will be employed as the main route to decarbonize industrial processes which are
currently reliant on gray hydrogen. Kovac, Paranos and Marciu§ (2021) note that ammonia
synthesis alone constitutes 55% of the current global demand for hydrogen, while oil refining

represents 25%, and methanol synthesis accounts for 10%.

Hydrogen feedstock could also penetrate other CO, intensive chemical synthesis processes.
The steel manufacturing process, which is one of the largest carbon emitters globally, account-
ing for nearly 6% of all emission, could be transformed through direct reduced iron (DRI)
processes that use hydrogen (IRENA, 2018).
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Phase 2: Fuel for transportation and heat

In the second phase, green hydrogen begins to be introduced in sectors beyond chemical

synthesis, particularly transportation and heating (Oliveira; Beswick; Yan, 2021).

In heavy-duty and long-range transportation applications, battery electric vehicles (BEVs)
face limitations due to battery weight and prolonged charging times, which undermine their
practicality for such uses. Hydrogen fuel cell electric vehicles (FCEVs) emerge as a promising
alternative in this context. Owing to hydrogen’s higher energy density and shorter refueling
times, FCEVs offer competitive advantages for long-haul freight trucks, buses, and other com-

mercial vehicles (Cano et al., 2018).

While some industrial processes, like steelmaking discussed in Phase 1, may transition
to electrochemical methods, thermal processes requiring temperatures above 400°C still ne-
cessitate high-grade heat sources. The combustion of pure hydrogen can provide the requisite
heat, assuming that furnaces and boilers are retrofitted appropriately for hydrogen use (Oliveira;
Beswick; Yan, 2021). For example, cement production contributes to approximately 7% of
global CO; emissions, with 40% of these emissions stemming from the combustion of fuels

needed to heat kilns to temperatures as high as 1450°C (IEA et al., 2018).
Phase 3: Energy storage

The final phase of the framework envisions hydrogen as a seasonal energy storage medium
and a key contributor to producing synthetic e-fuels for industries such as aviation and marine

transport (Oliveira; Beswick; Yan, 2021).

Renewable sources like solar and wind are inherently intermittent, and hydrogen’s role as a
storage medium can help mitigate these fluctuations. While lithium-ion batteries can efficiently
provide grid stability over hours, they are less feasible for multi-day or seasonal storage due to
their self-discharge rates and high costs when scaled up (Kovac; Paranos; Marcius, 2021). By
contrast, hydrogen can store energy for months without significant loss, enabling grid operators
to meet seasonal demands, especially in regions with extreme weather variations, therefore

reducing curtailment and improving renewable utilization (Ma et al., 2024).

In addition to this application, Oliveira, Beswick and Yan (2021) highlight that electrifica-
tion is not feasible for certain transportation sectors, notably aviation, where kerosene-based jet
fuels are predominant. These fuels currently contribute 918 Mt of CO, emissions annually, a
figure projected to escalate to 2.6 Gt by 2050 due to a 2.4% annual growth in air freight and a
tripling of passenger aviation (U.S. Energy Information Administration, 2019; Graver; Zhang;

Rutherford, 2019). The transition to green technologies in aviation is challenging because high
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volumetric energy density and low weight are critical so batteries and fuel cells presently can-
not meet the power demands of large, long-haul aircraft without adding prohibitive weight or

requiring excessive storage space (Hall; Pavlenko; Lutsey, 2018).

However, hydrogen offers a possible alternative by being converted into e-fuels. One path-
way involves the Fischer-Tropsch process, where hydrogen and carbon monoxide produced
by converting captured CO; are synthesized into carbon-neutral synthetic jet and diesel fuels
(Konig et al., 2015). In the marine industry, e-fuels have also been proposed to decarbonize
larger freight ships, while smaller passenger vessels might adopt fuel cells to replace traditional

fuels and diesel generators (Oliveira; Beswick; Yan, 2021).

2.2.3 Challenges to the hydrogen economy

Hydrogen offers significant potential for decarbonizing various sectors, particularly those
lacking viable electrification alternatives. However, considerable barriers hinder its widespread

adoption (Rasul et al., 2022).

2.2.3.1 Production costs

One primary challenge in the hydrogen economy is the high cost of hydrogen production,
particularly for green hydrogen. According to Agyekum et al. (2022), the production cost of
green hydrogen currently ranges between $4-7 per kilogram, 2 to 3 times higher than hydrogen
derived from fossil fuels. Kayfeci, Kecebas and Bayat (2019) emphasize that the main drivers
of these costs currently are electricity consumption and the need for improved efficiency and
durable catalysts in the electrolysis process. This fact motivates further studies on how to make

investing in those projects more appealing, so that economies of scale can bring costs down.

2.2.3.2 Storage and transportation challenges

Hydrogen storage poses another challenge due to its low volumetric energy density (see
figure 8). Consequently, gaseous hydrogen must be stored at high pressures (up to 700 bar) or as
a cryogenic liquid at -253°C to attain sufficient energy density for transportation and stationary
energy storage applications (Cavaliere, 2023). Melaina, Antonia and Penev (2013) discuss
hydrogen’s high diffusivity, which results in losses of mass, and the necessity for materials that
can prevent leakage and resist embrittlement, which occurs when hydrogen permeates materials,
causing them to become fragile and prone to failure. This requires either costly retrofitting with

advanced materials that resist hydrogen-induced damage or the development of entirely new
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pipeline networks.
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Figure 8: Energy density of different energy sources
Source: (Cleveland, 2024a)

Chemical carriers, such as ammonia and methanol, offer a means of storing hydrogen in
a more stable form, potentially circumventing some safety and infrastructure challenges asso-
ciated with pure hydrogen gas (Zamfirescu; Dincer, 2008). Ammonia, for instance, can be
stored as a liquid at conditions similar to the ubiquitous propane gas (8 bar pressure and room
temperature), releasing hydrogen upon decomposition with the aid of catalysts (Bell; Torrente-
Murciano, 2016). According to Gonzalez-Garay et al. (2022), ammonia can be transported
using existing infrastructure in the chemical industry, providing a potential pathway for hydro-
gen distribution without constructing a hydrogen-specific network. However, as Agyekum et
al. (2022) note, these conversion processes introduce additional costs and energy losses, as hy-
drogen must be extracted from ammonia or methanol upon reaching its destination. The role

ammonia can play in the hydrogen economy will be further discussed in section 2.3.

2.2.3.3 Environmental and safety concerns

The environmental impact and safety profile of hydrogen pose additional challenges. Squadrito,
Maggio and Nicita (2023) highlight the substantial water requirements for hydrogen production
via electrolysis, raising concerns about resource sustainability in water-stressed regions which
otherwise have hight availability of renewables. Safety issues are equally complex. Melaina,
Antonia and Penev (2013) note that hydrogen’s flammability and explosive potential are intrin-
sic risks that necessitate rigorous safety standards. This is worsened by the fact that odorization,

a standard method for identifying natural gas leaks, is less feasible with hydrogen. The odor-
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ants would need to be sufficiently potent to alert personnel at a very low hydrogen concentration
(20% of the lower flammability limit), but hydrogen’s extreme purity requirements, especially
for fuel cells and other high-efficiency applications, limit the use of such additives (Gerboni,
2016).

2.2.3.4 Policy and Regulatory barriers

The literature consistently highlights the role of policy in facilitating or hindering the adop-
tion of hydrogen. According to Falcone, Hiete and Sapio (2021), one of the most pressing
regulatory issues is the absence of standardized frameworks that support hydrogen production,
distribution, and utilization across sectors. Currently, national and regional policies vary widely
in their support for hydrogen, resulting in a fragmented regulatory landscape that complicates
cross-border hydrogen trade and technology standardization. Standardization in hydrogen poli-
cies also addresses certification requirements, particularly regarding the "green" label for hy-
drogen produced with renewable energy. Certifying hydrogen as "green" requires rigorous ver-
ification processes, which are presently underdeveloped and vary across jurisdictions. As noted
by Farrell (2023), this lack of unified certification standards can inhibit the market expansion of
green hydrogen, as industries may lack confidence in the environmental credentials of hydrogen

imported from different regions.

Another critical barrier is the lack of established markets for green hydrogen, especially
in end-use sectors such as transportation. Unlike electricity, where market dynamics are well-
established, hydrogen lacks a mature demand structure. As pointed out by Falcone, Hiete and
Sapio (2021), market creation for green hydrogen requires strategic policy support, such as guar-
anteed off-take agreements or mandates that compel certain industries to incorporate hydrogen
into their energy mix. For instance, implementing renewable hydrogen quotas for chemical
and petrochemical industries, where hydrogen is already used as a feedstock but produced from

fossil fuels, would create immediate demand without requiring major technological shifts.

2.3 Ammonia

In order to address some of the barriers hindering the widespread adoption of hydrogen,
ammonia (NH3) is increasingly being proposed as a viable hydrogen carrier (Aziz; Wijayanta;

Nandiyanto, 2020; Bafares-Alcdntara; Salmon; Valera-Medina, 2021).

Ammonia possesses advantageous properties that facilitate its handling. Bartels (2008)

mentions the fact that ammonia has 1.5 times higher volumetric energy density than liquefied
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hydrogen, making it more efficient to store and transport. Additionally, it can be liquefied
under relatively mild conditions compared to hydrogen. Liquid hydrogen needs to be kept at
-253°C, while ammonia can be stored as a liquid at -33°C under atmospheric pressure or at

room temperature with 10 bars of pressure, which is considerably more cost effective.

Ammonia also has a more favorable safety profile. MacFarlane et al. (2020) cite that al-
though it is classified as a hazardous substance and requires careful handling, ammonia has a
higher auto-ignition temperature, a lower flammability range, and a lower gas density than air,
making it less likely to ignite or explode. The author also mentions its potent smell as an ad-
vantage, since it can be felt from even very low concentrations (5 ppm) still far from the levels
where it is considered dangerous to life and health (300 ppm). A report by Duijm, Markert and
Paulsen (2005) concluded that the risk associated the use of ammonia as a fuel was comparable

and in some cases lower than that of liquified petroleum gas (LGP).

2.3.1 Current state of the industry

Ammonia currently plays a foundational role in the global agricultural sector, serving as a
key feedstock for fertilizer production. Its significance in this domain stems from its capacity
to synthesize nitrogen-based fertilizers, which are critical for sustaining global food production
(see figure 9). Approximately 80% of the global ammonia production, totaling around 175 mil-
lion metric tons annually, is dedicated to this purpose (Smith; Hill; Torrente-Murciano, 2020).
This dependence on ammonia-derived fertilizers was a cornerstone of the Green Revolution and

remains vital to modern agricultural practices (MacFarlane et al., 2020).
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Figure 9: Ammonia uses as of 2020
Source: (Dincer et al., 2022)
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Ammonia is the second most produced chemical product globally by total mass, just behind
sulphuric acid. It is mainly produced by the the Haber-Bosch process, which synthesizes am-

monia by reacting hydrogen with nitrogen under high temperature and pressure. As discussed
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in Section 2.2.1, the hydrogen feedstock predominantly originates from fossil fuels, including
natural gas, coal, and oil. This reliance on fossil fuels makes ammonia production a signif-
icant contributor to greenhouse gas emissions, accounting for approximately 1.2% of global
CO, emissions (Smith; Hill; Torrente-Murciano, 2020). These emissions arise from both the
hydrogen production process and the fossil fuels used as energy sources for the Haber-Bosch

process.

Unlike hydrogen, which lacks established supply chains, ammonia is already a widely
traded commodity with well-established global markets. According to the IEA (2021), around
20 Mt of ammonia were traded globally in 2019, representing about 10% of total production.
The IEA notes that this trade volume reflects significant geographical disparities in production
costs, driven by variations in natural gas availability and proximity to demand centers. Coun-
tries with abundant natural gas reserves, such as those in the Middle East and North Africa, have
a competitive advantage in producing ammonia at relatively low costs, exporting it to regions
where local production is less economical. The maturity of ammonia storage, transport, and
distribution infrastructure, developed over decades of industrial use, further facilitates its global
trade. This established network includes pipelines, refrigerated shipping, and storage terminals,

positioning ammonia as a practical and scalable commodity for international markets.

2.3.2 Proposed applications

Besides its traditional role as a fertilizer feedstock, ammonia can act both as a direct fuel

and a hydrogen carrier

As a fuel, ammonia offers opportunities for decarbonization due to its combustion charac-
teristics, which release only nitrogen and water, with no direct carbon emissions. However, its
low flame speed and high ignition energy pose challenges, necessitating innovations in com-
bustion technology. Current research focuses on ammonia-fueled turbines, internal combustion
engines mainly for freight, and ammonia-hydrogen blends, aiming to enhance efficiency while
mitigating nitrogen oxide (NOx) emissions, a critical environmental concern (Valera-Medina et

al., 2018).

Blending ammonia with hydrogen or methane has been proven effective in improving flame
stability and increasing burning velocities, addressing its low reactivity while maintaining car-
bon neutrality. Catalytic combustion, leveraging metal oxides, has emerged as a promising
strategy, reducing NOx emissions and enabling efficient combustion at lower temperatures.
These advancements highlight ammonia’s adaptability for use in existing and novel systems,

including gas turbines and industrial furnaces (Aziz et al., 2023).
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Figure 2 Expected ammonia demand up to 2050 for the 1.5°C scenario
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Figure 10: Projection of ammonia demand until 2050
Source: (Rouwenhorst; Castellanos, 2022)

As a hydrogen carrier, ammonia offers a range of technically viable pathways for hydrogen

generation, supporting the broader deployment of hydrogen in various applications.

Thermal cracking is the most established and direct method to generate hydrogen from am-
monia. This process involves heating ammonia to high temperatures (700-1000°C) to facilitate

its decomposition into nitrogen and hydrogen:

2NH3 — Ny +3H,

A critical component of this process is the use of catalysts to lower the activation energy,
improve conversion efficiency, and reduce operational costs. Transition metal-based catalysts,
particularly ruthenium on carbon supports or nickel alloys, are widely researched for their su-
perior performance. Despite its technical maturity, thermal cracking’s high energy demand
remains a challenge. Efforts are being directed toward integrating waste heat recovery systems

or coupling the process with renewable electricity to improve sustainability (Aziz et al., 2023).

Electrochemical processes for ammonia decomposition have also gained attention due to
their compatibility with renewable energy sources and modular scalability. Solid oxide electrol-
ysis cells (SOECs) and proton-conducting ceramic electrolysis systems operate at intermediate
to high temperatures (500-800°C), leveraging electricity to dissociate ammonia into nitrogen

and hydrogen. The reaction in such systems can be expressed as:

2NH3 — Ny +3H, 4+ 3e™

This process is particularly efficient in terms of energy use, as it combines the benefits of
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direct ammonia decomposition with electrochemical energy conversion. SOECs, for example,
utilize solid electrolytes to facilitate ionic conduction while achieving high hydrogen purity.
However, challenges such as electrolyte stability, degradation at high temperatures, and the

development of low-cost materials are still areas of ongoing research (Aziz et al., 2023)

Despite its potential, ammonia’s adoption faces infrastructural and economic challenges.
The retrofitting of existing power plants to accommodate ammonia co-firing and the establish-
ment of new infrastructure for storage and transportation are necessary for scaling its deploy-
ment. Furthermore, public acceptance and regulatory alignment remain critical, given ammo-
nia’s toxicity and the perceived risks associated with its use. Addressing these challenges will
require collaborative efforts across industry, academia, and policymakers, ensuring that ammo-

nia’s benefits are realized within a framework of safety and sustainability (Aziz et al., 2023).

2.4 Economic evaluation

2.4.1 Levelized cost of energy (LCOE)

The Levelized Cost of Energy (LCOE) is a key metric used to evaluate the competitiveness
and feasibility of energy projects. It represents the cost per unit of energy produced over a
project’s entire lifespan, factoring in capital, operational, and financing expenses. However, it
generally focuses on plant-level costs and does not account for additional investments required
at the system level, such as upgrades to transmission and distribution grids or other reconfigu-

rations.(Aldersey-Williams; Rubert, 2019)
In general terms, LCOE is calculated by dividing the lifetime costs of the plant by its life-
time energy production as shown in the equation below. (Shen et al., 2020)

LCOE — Lifetime costs

Lifetime energy production

Various private sector actors and international organizations regularly publish data on LCOE,
such as Lazard (2024) , IEA (2020) and Timilsina (2020) from the World Bank. The topic has
also been extensively discussed in numerous academic studies (Leal, Rego and Ribeiro (2017),
Ueckerdt et al. (2013), Shen et al. (2020)). In recent years, the reported numbers for the lev-
elized cost gap between thermal power generation and renewable energy sources has narrowed
significantly. In the figure 11, we can find the evolution of the numbers reported yearly by
Lazard, showing a steady decrease in the cost of renewable (notably solar PV and onshore

wind) driven by advancements in technology, commercial innovation, and changes in revenue



support mechanisms that have facilitated lower-cost project financing. (Lazard, 2024)
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In practice, the literature (Aldersey-Williams and Rubert (2019), Shen et al. (2020)) identi-

fies two main approaches to break down the calculation of LCOE. The "discounting" method,

suggested by the United Kingdom Department for Energy Security and Net Zero (DESNZ) and

the "annuitization" method, suggested by the United States Department of Energy’s National
Renewable Energy Laboratory (NREL).

DESNZ Method (UK)

This definition was first developed by the UK Department of Energy and Climate Change

(DECC), which later became the current Department for Energy Security and Net Zero (DESNZ).
DECC (2013) employs a methodology that defines LCOE as "the discounted lifetime cost of

ownership and use of a generation asset, converted into an equivalent unit of cost of genera-

tion". This approach discounts both costs and energy production over the lifetime of a project

to produce a real cost per unit of energy. The formula for the calculation of the metric can be

found below.

Where:

T C,+0;+Vz
NPVeosts  2t=1 " (T4r)

14—r
LCOEpgsnz = =
NPE Y o

» (; represents the capital costs in year ¢,

* O, represents the operating and maintenance costs in year 7,
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 V; represents the variables costs (fuels, taxes, carbon) in year ¢,

E; is the energy output in year ¢,

r is the discount rate,

T is the lifetime of the project.

Aldersey-Williams and Rubert (2019) develops a theoretical justification for this approach
by deriving it in the following manner. In essence, when the project’s internal return rate (IRR)
is equal to the discount rate, it follows that NPVievenues = NPVeosts- This leads to the LCOE

expression in terms of revenues:

N P Vrevenues
NPE

This value can be interpreted as the constant energy price in real terms required for the project’s

LCOE =

revenues to match the IRR equating to the discount rate. Therefore, through this approach,
the LCOE essentially represents the minimum required real price for a project to achieve the

desired return.
NREL Method (US)

In contrast, the National Renewable Energy Laboratory (NREL) in the United States uses
an alternative approach that focuses on the annualized cost of energy. NREL (2018) describes
a method that calculates capital costs using a capital recovery factor, while operating and fuel
costs are handled separately to compute the LCOE on an annual basis. Their formulation for
the LCOE is:

C,-CRF +0
LCOENREL = )CF-876O + w

) Variable component
Fixed component P

Where:

C, is the overnight capital cost,

CRF is the capital recovery factor

O is the fixed operating cost,

CF 1is the capacity factor,

f 1s the fuel cost,
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* his the heat rate,
* V is the variable operating cost,

* 8760 is the number of hours in a year.

The capital recovery factor, which converts the overnight capital cost into an equivalent

annual payment over the project’s lifetime, is calculated as follows:

1 An
crr = D"
(I+i)"—1

Where:

¢ is the interest rate,

* n is the number of payments made to repay the capital.

According to the NREL (2018), this formulation represents "the minimum price at which
energy must be sold for an energy project to break even." In other words, it signifies the energy
price necessary for a project to exactly cover its annual operating costs and the portion of capital

costs, including financing expenses, allocated to that year.

While both the NREL and DESNZ methods aim to determine the cost per unit of elec-
tricity, they differ in their treatment of costs, discounting mechanisms, and representation of
energy production. The DESNZ method’s comprehensive lifetime analysis provides a nuanced
understanding of the project’s financial performance over time, accommodating variations in
annual costs and outputs. This makes it particularly suitable for technologies with non-uniform
performance or costs, such as renewable energy sources with intermittent outputs or equipment

degradation over time.

Conversely, the NREL method offers simplification and practicality. By focusing on annual
costs and outputs, it is effective for assessing technologies with stable performance and costs,
providing a clear and concise cost metric for quick comparisons. However, it assumes that the
capacity factor and costs remain constant over time, which may not hold true for all technologies

or market conditions.

As highlighted by Shen et al. (2020), if certain conditions are met, the two methods can

yield similar LCOE estimates. These conditions include:

1. The annual energy output and cost of the project are constant;
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2. All capital expenditures occur in the first year;

3. Capital recovery starts immediately with a financing term equal to the project’s operating

life

4. There are no decommissioning costs

2.4.1.1 Limitations of the classical LCOE

Despite its widespread use among policymakers and industry stakeholders, the Levelized
Cost of Energy (LCOE) as an economic evaluation metric has been critiqued by scholars for

several inherent limitations.

One notable shortcoming of the LCOE is its inadequacy in comparing intermittent energy
sources with dispatchable ones. As highlighted by Joskow (2011), the LCOE overlooks the
varying economic value of electricity generated at different times. The wholesale electricity
market is characterized by significant price fluctuations throughout the day and year, driven by
changes in demand. Dispatchable technologies (coal, gas, nuclear) have the ability to produce
power when demand, and consequently the price of electricity is highest, thereby maximizing
revenue. In contrast, intermittent technologies like wind and solar produce electricity based on
environmental conditions (e.g., wind speed, sunlight), which often do not align with periods of
peak demand. The author argues that, with the availability of competitive electricity markets
and advanced models for forecasting prices and demand, there is no need to rely on the metric
of levelized costs. Instead, the economic evaluation of any power generating technology should
consider both, costs and value of that technology. The work of Reichelstein and Sahoo (2015)
goes on this same line by proposing a co-variation coefficient to correct the LCOE of intermit-
tent sources. This coefficient adjusts for the temporal synergies between electricity generation
and price fluctuations, demonstrating that intermittent sources may be undervalued when their
generation aligns with high-price periods (e.g., solar during afternoon peak hours). Their anal-
ysis suggests that traditional LCOE metrics undervalue solar PV’s competitiveness by 10-15%
and overestimate the value of wind energy, which often generates power during low-demand

periods.

Another important aspect not taken into account by the standard formulations of the LCOE
relates to the system integration costs. Those costs encompass the additional expenses required
to maintain grid stability and ensure adequate power supply in the presence of fluctuating re-
newable generation. These include the costs of balancing services, construction of new trans-

mission lines, grid reinforcement, and adequacy costs for backup capacity. Ueckerdt et al.
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(2013) propose a top-down approach to determine integration costs, contrasting with the typical
bottom-up methodology used in engineering studies. Instead of calculating each cost compo-
nent separately, this approach suggests comparing two system states, one with and one without

the renewable source, and assessing the additional system costs introduced by it.

The LCOE has also been critiqued for its lack of consideration of more indirect factors,
often treated as external to energy systems, such as environmental impacts and social costs.
To address this, Roth and Ambs (2004) propose a full-cost pricing approach that integrates the
Life Cycle Costing (LCC) method to account for externalities within the LCOE framework.
This approach incorporates external costs related to emissions, land use impacts, water-related
environmental effects, and energy security, thus providing a comprehensive view of total costs.
By assigning these costs to pollutants such as CO;, SO,, NOx, and particulate matter, the
model converts environmental impacts into monetary values that can be directly included in the
LCOE. In addition, non-environmental externalities, including government spending on fuel
security and the economic risks of foreign energy dependency, are integrated to capture the

broader socio-economic impacts of reliance on fossil fuels.

A final limitation in the conventional LCOE formulation is its deterministic nature, rely-
ing on single-point estimates, or best-guess values, for all input variables, such as capital cost,
fuel price, capacity factor, and the discount rate (Barros et al., 2016). Although this approach
allows for a simplified estimation, these input parameters are inherently uncertain and can fluc-
tuate significantly over time, particularly for long-term investments such as power plants (Heck;
Smith; Hittinger, 2016). Several studies have sought to address this gap and their approach will

be further developed in the following section.

2.4.1.2 Stochastic LCOE

To address these limitations, one of the proposed ways to overcome the shortcomings of
traditional LCOE calculation is to model the input parameters as random variables that follow
an appropriate probability distribution (Heck, Smith and Hittinger (2016), Ozato et al. (2023)).
This subsection explores the integration of stochastic modeling into LCOE calculations, high-

lighting its advantages, methodologies, and implications for the energy sector.

Integrating stochastic modeling into LCOE provides several strategic advantages for in-
vestors and policymakers. For example, the study by Heck, Smith and Hittinger (2016) un-
derscores how stochastic LCOE allows for risk-adjusted cost estimates, which are essential for
project financing and investment decisions in volatile markets. By enabling the calculation

of confidence intervals for the results, this approach offers insights into the range of poten-
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tial LCOE outcomes under varying assumptions and risk levels. Moreover, Lucheroni and Mari
(2017) demonstrate how stochastic LCOE models can enhance portfolio management by identi-
fying diversification opportunities within an energy portfolio, thus mitigating financial exposure
to individual market risks such as fuel price volatility and regulatory changes. By quantifying
the effects of CO, volatility, they demonstrated how nuclear power could act as a hedge against

fossil fuel price risks.

X Distribution Y Distribution Z Distribution

w=f(x,y,z)

Figure 12: Modeling of the stochastic LCOE as the function f
Source: (Heck; Smith; Hittinger, 2016)

In applying stochastic LCOE, several core variables are transformed into probabilistic in-
puts, as illustrated by the figure 12. Capital expenditure (CAPEX), for example, is modeled
stochastically due to substantial uncertainties tied to factors such as technology, labor, and mate-
rial costs, all of which are susceptible to economic conditions and technological advancements.
Heck, Smith and Hittinger (2016) illustrate this variability with the example of some nuclear
power plants in the United States, where construction ultimately resulted in cost overruns ex-
ceeding 100% by project completion. Such significant variability underscores the necessity of
incorporating probabilistic modeling to provide a realistic risk assessment. Another essential
variable in stochastic LCOE is the capacity factor, which denotes the ratio of actual energy
output to maximum potential output. This factor is particularly volatile in renewable projects,
where weather conditions at the considered location can drastically impact generation (Heck;
Smith; Hittinger, 2016) . Lee and Ahn (2020) demonstrate how capacity factor variability in
solar PV projects can drive substantial changes in LCOE, underscoring the need for probabilis-
tic modeling to accurately reflect seasonal and geographical variations in solar irradiance. In
the case of fossil-fuel-based generation, fuel and carbon prices are critical uncertainties, as they
are highly sensitive to regulatory changes and market conditions. Lucheroni and Mari (2017)

show how carbon price volatility can affect the financial outcomes of this kind of project and
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incentivize the diversification into CO, free sources.

According to Lee and Ahn (2020), selecting an appropriate probability distribution for
the input variables can be informed by available data, expert judgment, or a combination of
both. Key considerations for this judgment include whether the data are discrete or continuous,
bounded or unbounded, unimodal or multimodal, and whether the distribution is symmetrical

or skewed.

The triangular distribution is frequently used in the literature (Heck, Smith and Hittinger
(2016), Barros et al. (2016), Ozato et al. (2023)) particularly when detailed historical data is
limited. Its popularity stems from its simplicity, as it requires only the estimation of minimum,
most likely, and maximum values, making it straightforward to define with limited information.

Additionally, the triangular distribution can accommodate asymmetry, which is crucial for rep-

resenting situations where the distances between the two extremes and the distribution mode
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Figure 13: Modeling framework for the stochastic LCOE
Source: (Tazi; Safaei; Hnaien, 2022)

In their work, Tazi, Safaei and Hnaien (2022) propose an innovative methodology for mod-
eling the components of LCOE, including CAPEX (capital expenditures), OPEX (operating
expenditures), fuel costs, and energy generation. This approach employs a non-homogeneous
Poisson process (NHPP) to describe the stochastic behavior of these components, as illustrated

in Figure 13.

An NHPP is a type of stochastic process where the arrival rate of events, denoted by A(7),
is time-dependent, as opposed to the homogeneous Poisson process where A remains constant

over time. This flexibility makes it ideal for representing dynamic systems across diverse en-
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gineering and reliability contexts. For example, in repairable systems, NHPPs enable the mod-
eling of failure times with greater precision than homogeneous Poisson processes, as they can
accommodate complex failure behaviors influenced by system wear and aging of equipments
(Lawless; Crowder, 1995). Similarly, in materials science, NHPPs have also proven effective
in studying creep rupture under sub-critical external loads, where the failure rate accelerates as

materials approach their breaking point (Kun; Costa; Andrade, 2013).

In mathematical terms, the modeling proposed by Tazi, Safaei and Hnaien (2022) for each

component (investments in this example) follows this structure:

E ( /0 I(t)e " dN, (r)) _ /O CIOG()e " A (1) d

Ni(t): The NHPP representing the number of investment events up to time .

A1(t): The time-dependent rate function for investments.

* I(t): The investment expenditure at time 7.

r: The continuous discount rate.

* G(1): A function representing the probability that the system is operational at time ¢ .

In this equation, the left-hand side represents the expected discounted investment costs over
time, accounting for the random occurrence of investment events modeled by dN'1(¢). The right-
hand side simplifies this expectation by integrating over time with the rate function A;(¢) and

the operational probability G(z).

Another choice made by Tazi, Safaei and Hnaien (2022) is the modeling of the project’s
lifetime as a random variable following a Weibull distribution. The authors highlight the Weibull
distribution’s popularity as a lifetime model and its flexibility in representing different failure

rate behaviors (increasing, decreasing, or constant) depending on a shape parameter.

Putting it all together, their formulation of the stochastic LCOE is given by:

JoIOA () + M (1) Aa(t) + F (1) A3(t)) G(t)e ™" dt

LCOE = JCEO ()G dt

Where:

* I(t): Investment costs at time ¢.

* M(t): Maintenance costs at time ¢.
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F(t): Fuel costs at time .

* E(¢): Energy generation at time ¢.

r: The continuous discount rate.
* G(1): the probability that the system is operational at time ¢

* Ai(t): Time-dependent rate functions for the different cost components.

In order to estimate the outcomes of the stochastic LCOE modeling, Monte Carlo simula-
tion is the predominant technique, as highlighted in various studies (Heck, Smith and Hittinger
(2016), Lucheroni and Mari (2017), Ioannou, Angus and Brennan (2017), Ozato et al. (2023),
Lee and Ahn (2020)).

The Monte Carlo method relies on the law of large numbers, which states that the sample
mean of independent, identically distributed random variables converges to the expected value
as the sample size grows indefinitely (Dekking et al., 2006). For a random variable X with
probability density function fx(x) and an arbitrary function g(X), the expected value E[g(X)]

is given by:

E[g(X)] = |_ () fx(a)dx

As described in Lee and Ahn (2020), through Monte Carlo simulation, it is possible to
estimate the value of this integral without having to directly calculate the antiderivative of the
function g(x)fx(x). The Monte Carlo method approximates E[g(X)] by taking n independent
samples from X, denoted (x1,x7,...,x,), and computing the average of g(x) values over these
samples. This approximation, called the Monte Carlo estimator, is defined as:

n
lg(xi)

S| =

gn(X) =

1

As n — oo, the Monte Carlo estimator g,(X) converges to E[g(X)] due to the law of large

numbers and an estimate of the LCOE is obtained.
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3 METHODOLOGY

In this chapter, we define the modeling framework, present the collected data and assump-
tions underpinning the models, and discuss the operation of the implemented simulation algo-
rithm. Two hydrogen production pathways are analyzed: Proton Exchange Membrane (PEM)
water electrolysis, which serves as the benchmark, and Alkaline (ALK) ammonia electrolysis,

the technology under evaluation in this study.

3.1 LCOH modeling framework

The framework adopted to calculate the levelized cost of hydrogen was the one imple-
mented by Kee and Penev (2023), from the National Renewable Energy Laboratory of the
United States (NREL). It consists of the Python library ProFAST, which is available under a
free license and can be installed in a local computer. The library builds upon the established
Excel-based calculator H2FAST, also developed by the NREL, and has been applied in previous
studies for the economic evaluation of hydrogen projects (Pratt; Luzi; Freeburg, 2017; Hunter
et al., 2020).

ProFAST calculates the levelized cost of production or financial performance based on in-
put prices, incorporating key inputs like capital expenditures, operating costs, and financing
structures. Its availability in the form of a Python library allows the LCOH calculation to be

easily combined with stochastic modeling of the inputs.
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Figure 14: Steps for the modeling in H2FAST
Source: (Penev, 2020)
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The library can be employed in two main modes of functioning: price setter or price taker.
In the price setter mode, the user pre-defines the commodity price, and the tool calculates the
resulting internal rate of return (IRR) for the project. Conversely, in the price taker mode, the
model determines the commodity’s break-even price to achieve a specified discount rate. For
this study, the price taker mode will be used, as the LCOH represents a break-even price that

reflects the project’s economic viability.

3.1.1 Required parameters and their integration in ProFAST

To perform its calculations, ProFAST requires a comprehensive set of input parameters that
can be grouped into distinct categories. The library integrates these inputs programmatically,

enabling precise customization for specific projects.

At a minimum, the following parameters are required for ProFAST to function:

* System Configuration:

Capacity: Daily production capacity (e.g., in kg/day for hydrogen).

Long-Term Utilization: Operational capacity factor, representing the proportion of

time the plant operates at full capacity.

Operating Life: Total duration of project operation, in years.

Installation Months: Time required for installation and commissioning, in months.
* Economic Parameters:

— General Inflation Rate: A base value for cost escalation applied to various project
expenses.

— Capital Expenditures (CAPEX): Total initial investment cost, defined along with

depreciation method (e.g., linear) and period.

— Operating Expenditures (OPEX): Recurring costs such as maintenance, labor, and

utilities, with escalation rates if applicable.

— Financing Structure: Debt-to-equity ratio, interest rates, and tax rates.
* Feedstock Requirements:

— Feedstock Name and Usage: Key raw material inputs (e.g., electricity, water) with

specified consumption rates.

— Feedstock Costs: Unit prices for feedstocks, with optional escalation rates.
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* Financial Objectives:

— Discount Rate: Target rate used to evaluate financial performance.

— Commodity Price: Initial price or break-even price calculation, depending on the

mode of operation.

Beyond the minimal inputs, ProFAST allows users to refine the analysis through additional

parameters:

* Incentives: Includes one-time capital grants, annual subsidies, or tax credits.

Incidental Revenues: Supplemental income sources, such as byproduct sales.

Tax Considerations: Options to monetize tax losses, specify capital gains tax rates, or

adjust tax carryforward rules.

Fixed and Variable Costs: Detailed accounting for annualized replacements and other

fixed operational expenses.

3.1.2 How ProFAST Uses These Inputs

ProFAST projects cash flows by synthesizing detailed input parameters into a comprehen-
sive financial model that spans the entire operational life of the hydrogen production system.
The model begins by calculating annual revenues, using the initial hydrogen price and projected
production volumes, adjusted for factors such as demand ramp-up periods, long-term utiliza-
tion rates, and potential incidental revenues from by-products such as oxygen. Operating ex-
penses are then subtracted from revenues to derive the gross operating margin. These expenses
are determined based on feedstock consumption rates (e.g., electricity and water), labor costs,
maintenance, rent, and other variable and fixed costs, each escalated according to inflation rates
or input-specific escalation factors. Capital expenditures, including installation costs and refur-
bishments, are integrated into the model through depreciation schedules, allowing ProFAST to

estimate tax shields that lower taxable income.

The model can also accounts for financing details, such as debt/equity ratios, interest rates,
and cash-on-hand requirements, which influence the cost of capital and subsequent cash flow
calculations. By combining these elements, ProFAST constructs a year-by-year projection of
cash inflows and outflows, factoring in inflation and applying discount rates to reflect the time
value of money. This results in a detailed net cash flow profile that forms the foundation for

profitability assessments.
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In the price taker mode, ProFAST calculates the break-even price by iteratively adjusting
the hydrogen price until the net present value (NPV) of the project equals zero. It uses the
NPV formula, summing discounted cash flows over the project’s lifetime, where cash flows are
determined by subtracting operating and capital costs from revenues based on the current price.
The process involves the bisection method for numerical root-finding, refining the price based

on whether the NPV is positive or negative until it converges to a near-zero tolerance (e.g.,
$0.01).

3.2 Data collection and assumptions

This section outlines the values and assumptions used as inputs for the model in ProFAST.
Initially, we define the parameters shared between the two systems under comparison (water
and ammonia electrolysis), followed by a detailed specification of the parameters unique to

each individual system.

3.2.1 Shared modeling assumptions

3.2.1.1 Scenario definition

Electricity is a critical factor in the production of green hydrogen, significantly shaping
both the economic feasibility and environmental impact of the process. To capture the range of
possible outcomes, this study considers two scenarios for electricity generation. Each scenario
reflects a distinct approach to sourcing electricity, with implications for costs and operational

performance.

The first scenario considers electricity sourced directly from the national grid. In Brazil,
over 90% of the total electricity produced originates from renewable sources (Ministry of Mines
and Energy, 2023), meeting the green hydrogen qualification criteria established by the EURO-
PEAN COMISSION (2023). In this scenario, the capacity factor for the grid source is stable
and assumed to be 97%, as adopted by Hubert et al. (2024). Regarding electricity costs, the
Brazilian tariff system separates pricing into two components: the TUSD, which covers en-
ergy transmission costs, and the TE, which reflects the cost of energy generation. The TUSD,
regulated by the Brazilian Electricity Regulatory Agency (ANEEL), currently stands at 570 BR-
L/MWh (98.5 USD/MWh) for the state of Bahia (ANEEL, 2024). Conversely, the TE exhibits
variability. Using data from Dcide (2024) on the long-term forward price curve for conventional

electricity, the TE component will be sampled from the distribution shown in Figure 15.
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Figure 15: Long term price forward curve for grid electricity (BRL/MWh)
Source: (Dcide, 2024)

The second scenario considers electricity sourced through a power purchase agreement
(PPA) with a wind power supplier. In order to set te 7E, or generation tariff, we use as reference
a recent PPA agreement for a mining project in Brazil, which established a fixed price of 29
USD/MWHh (Reuters, 2022). The TUSD for this scenario assumes a subsidized rate, set at 50%
of the standard cost, resulting in a total of 400 BRL/MWh (69 USD/MWh) (ANEEL, 2024).
Unlike the grid-sourced scenario, where electricity costs vary, the PPA offers fixed costs for
energy generation. However, the capacity factor for this scenario is variable, reflecting seasonal
and operational variations in wind power availability. The electrolyzer’s operational capacity
factor is assumed to align with the wind power source. With this approach, we aim to assess
if a cheaper electricity source could compensate for a lower utilization of the equipment. We
collected data from ONS (2024) on historic values for the monthly capacity factor over the last
4 years for wind plants in the northeast of Brazil and the empirical distribution will be used to

sample values for the simulation.
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Empirical Distribution of Capacity Factors (2021-2024)
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Figure 16: Empirical distribution of monthly capacity factor of wind energy in Brazil (2021-
2024)
Source: (ONS, 2024)

Scenario 1 Scenario 2
Grid electricity Wind electricity
Input value Distribution Input value Distribution
Capacity factor 97% Constant value Sampled Empirical from (ONS, 2024)
Electricity cost TE: sampled Empirical from (Dcide, 2024) | TE: 29 USD/MWh Constant value
(TE+TUSD) TUSD: 98 USD/MWh Constant value TUSD: 69 USD/MWh Constant value

Table 2: Scenarios for electricity source

Source: Elaborated by the author

3.2.1.2 Plant refurbishments

For both hydrogen producing plants, we seek to simulate the impact of refurbishment events

during the operational lifetime of both plants.

To achieve this, we employ the stochastic LCOE framework proposed by Tazi, Safaei and
Hnaien (2022), which models the disbursement of CAPEX using a non-homogeneous Poisson
process (NHPP) characterized by a time-dependent rate function A(z), as detailed in Section
24.1.2.

In this approach, the rate function A(¢) is interpreted as a failure rate for the system and
modeled using the Weibull hazard function. This choice reflects the typical failure dynamics of

components over time, with the hazard function expressed as:
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where:

* [ is the shape parameter that determines the failure rate trend (e.g., increasing, constant,

or decreasing over time),

* 1) is the scale parameter, that defines the characteristic time scale of failures.

To define the appropriate shape of the failure rate, we sought studies reporting statistical
data on electrolyzer failures. However, due to the experimental nature of most current plants
and their limited time in commercial operation, such data was not readily available. As an al-
ternative, we referenced the findings of Gaonkar et al. (2021), which analyze the failure rates of
various electronic components. The study concludes that failure rates for electronics generally
follow an increasing trend, driven by factors such as component fatigue, corrosion, and thermal
stresses, starting from the moment the system becomes operational. Therefore, we employed
the values of = 3, signaling an increasing failure trend, and 1 = 20, in order to accommodate

the typical lifetime of the plants.
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Figure 17: Implemented failure rate

Source: Elaborated by the author

After each refurbishment event triggered by a failure, the corresponding disbursement will

be a proportion of the total installed CAPEX and drawn from a uniform distribution to reflect the
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variability and uncertainty in costs. After discussion with experts from the Escola Politécnica

the proportion was defined to be between 15 to 40% of total CAPEX.

3.2.1.3 Other assumptions

Additional shared assumptions between both plants are related to the macro-economic vari-
ables and parameters linked to the financial structure of the projects. The values which were

ultimately considered are reconstituted in table 3.

Parameter Description Value Source
General inflation rate General inflation rate of the dollar 2.1% (Cleveland, 2024b)
Debt/ Equity Ratio  c0 07eduity ratio 141 (Damodaran, 2024b)

for initial financing

Debt interest rate Interest rate for debt 5% (Hubert et al., 2024)
Income tax rate Combined tax rate applied to income in Brazil 34% (Damodaran, 2024a)
Discount rate Discount rate for financial analysis, taken as the SELIC 11.25% (CENTRAL BANK OF BRAZIL, 2024)
Operating life Total project operating life in years 30 years Assumption
Installation time Installation time before production (months) 12 months  Assumption

Table 3: Common modeling parameters

Source: Elaborated by the author

3.2.2 Hydrogen from water electrolysis

In modeling hydrogen production through water electrolysis, we adopted a parameter set
that reflects the current technological status of proton exchange membrane (PEM) electrolyzers.
The system design assumes a centralized hydrogen production plant with a nominal capacity of
50,000 kg/day, corresponding to an installed system power requirement of approximately 115
MW. This capacity reflects a large-scale operation aligned with the scale-up trends in the U.S.

and Brazilian markets

Electrolyzer efficiency is a critical parameter, and the specific energy consumption for hy-
drogen production was set at 57.5 kWh per kilogram of hydrogen, as derived from empirical
data from (Hubert et al., 2024). This value includes both stack efficiency (electricity con-
sumption within the electrolyzer stack) and balance-of-plant (BOP) energy consumption. The
efficiency metric was selected to align with recent industrial deployments and conservative es-

timates to capture real-world performance variability.

Regarding water usage, the electrolysis process requires approximately 9 liters of water
per kilogram of hydrogen produced. The cost of water was set at $0.002 per liter, based on

stoichiometric requirements and standard industrial water pricing. These inputs contribute to the
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ancillary costs of operation, which, while small in comparison to electricity costs, are essential

for a comprehensive economic modeling.

Capital expenditure (CAPEX) was modeled using an installed system cost of $2,000 per
kilowatt of capacity, reflecting the PEM electrolyzer stack, BOP components, and installation
costs. Annual maintenance costs were assumed to be 5% of the total CAPEX, consistent with
industry benchmarks and previous techno-economic analyses. The operational lifetime of the
electrolyzer was set at 30 years, with stack replacements simulated by the non-homogeneous

Poisson process.

Parameter Description Value Source
Plant maximum capacity Daily production capacity 50,000 kg of Hj (Hubert et al., 2024)
System cost Cost per kW for entire system (PEM stack, BOP etc) 2,000 USD/kW (Hubert et al., 2024)
Maintenance cost Annual maintenance cost 5% of CAPEX (Hubert et al., 2024)
Water usage Water consumption per kg of H, produced 9l/kg of Hy (Hubert et al., 2024)
Water cost Cost per liter of water 0.002 USD/1 stoichiometry
Electricity usage Electricity consumption per kg of H, produced 57.5 kWh/kg of H, (Hubert et al., 2024)

Table 4: Water electrolysis model parameters

Source: Elaborated by the author

3.2.3 Hydrogen from ammonia electrolysis

The core of the ammonia electrolysis system is an alkaline electrolyzer stack, as this is the
most mature technology currently available for the process (Kanaan et al., 2023). The system
design assumes a centralized hydrogen production plant with a nominal capacity of 50,000
kg/day, consistent with the scale of operation modeled for water electrolysis. This capacity

ensures a comparable analysis between the two production pathways.

The performance of ammonia electrolysis relies heavily on energy efficiency of the process
and the effective use of feedstock. Ammonia electrolysis requires 13.35 kWh of electricity per
kilogram of hydrogen produced, which includes the energy demands for ammonia breakdown,
hydrogen extraction, and supporting operations. For each kilogram of hydrogen, 5.75 kg of

ammonia is consumed, consistent with stoichiometric calculations.

As the cost of the ammonia feedstock is still quite uncertain and it is expected to weigh
heavy in the final result of the LCOH, it will be modelled stochastically in our simulation.
Rouwenhorst and Castellanos (2022) provided a range from $720-1400 per ton of NH3. Mean-
while, Kanaan et al. (2023) used the value of $1000 per ton in their base case. Therefore, the
cost of green ammonia will be drawn from a triangular distribution in our simulation, with a

minimum of $720, a mode of $1,000, and a maximum of $1,400 per ton of green ammonia.
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The system’s capital expenditure (CAPEX) includes costs for the alkaline electrolyzer
stack, balance-of-plant (BOP) components, and associated infrastructure. The alkaline stack
is modeled with a cost of $1,000 per kilowatt, while the BOP is assumed to cost five times
the stack, reflecting the complexity of auxiliary components such as the electrolyte circulation
system and gas purification units. Maintenance costs are modeled at 5% of CAPEX annually,

consistent with industry standards for similar technologies.

The parameters are summarized in table 5.

Parameter Description Value Source
Alkalyne stack cost Cost per kW for Alkalyne Stack 1,000 USD/kW (Kanaan et al., 2023)
Ammonia usage Consumption of ammonia per kg of Hydrogen  5.75 kg of NH3/kg of H, (Kanaan et al., 2023)
Green ammonia cost Cost per ton of ammonia Triangular(740,1000,1400) USD/t of NH3 (Kanaan et al., 2023) and
(Rouwenhorst; Castellanos, 2022)
Plant maximum capacity Daily production capacity 50,000 kg of Hy (Hubert et al., 2024)
System cost Cost for rest of system (Infrastructure, BOP etc) 5 times electrolyzer (Kanaan et al., 2023)
Maintenance cost Annual maintenance cost 5% of CAPEX (Hubert et al., 2024)
Electricity usage Electricity consumption per kg of H 13.35 kWh/kg of H; (Kanaan et al., 2023)

Table 5: Ammonia electrolysis model parameters

Source: Elaborated by the author

3.3 Simulation design

This study employs a Monte Carlo simulation framework to evaluate the levelized cost of
hydrogen (LCOH) for two hydrogen production pathways: water electrolysis and ammonia
electrolysis. It is is designed to iteratively calculate the LCOH by integrating stochastic varia-
tions in critical input parameters, including electricity costs, capacity factors, and refurbishment
schedules. The ProFAST model serves as the core computational tool, allowing for a dynamic
representation of hydrogen production processes, cost structures, and financial metrics. Key
inputs are systematically varied across 1,000 simulation iterations for each scenario, generating

a statistically robust distribution of LCOH outcomes.

3.3.1 Refurbishment event simulation

To simulate refurbishment events over the operating life 7 of the equipment, we utilize
the thinning algorithm developed by Lewis and Shedler (1979), a method adept at generating
event times for an NHPP when the intensity function is complex or lacks an easily invertible

cumulative intensity function. The simulation algorithm proceeds as follows:

1. Determine the maximum intensity Amax:
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Compute the maximum value of the intensity function over the interval [0, 7']:

Amax = max A(7).

t€[0,T]

. Generate candidate event times:

Sample N from a Poisson distribution with parameter Anyax7':

N ~ Poisson(ApaxT)-

Generate N candidate event times uniformly distributed over [0, T:

0

candidate

~ Uniform(0,7), i=1,2,...,N.

. Thinning process:
For each candidate time t(i)

candidate*

Compute the acceptance probability:

i _ }L(tc(;)ndidate>
Paccept = A :

Draw an uniform random number u() ~ Uniform(0, 1).

Accept 1

candidate S an actual event time if:

D < p(i)

accept*

. Return sorted event times:

The set of accepted event times {fevents} constitutes a realization of the NHPP with the

desired intensity function A(¢).

Once the refurbishment events are simulated, we map these continuous event times to dis-

crete years within the operating life. For each event, we assign a refurbishment fraction repre-

senting the proportion of the equipment that requires refurbishment. This fraction is sampled

from a uniform distribution between 15% and 40%, reflecting variability in the extent of refur-

bishment needed:

Refurbishment Fraction ~ Uniform(0.15,0.40).
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These fractions are accumulated for each year, ensuring that the total refurbishment cost

does not exceed 100% of the initial capital cost in any given year. This process generates a

stochastic refurbishment schedule that realistically models maintenance expenses over time.

3.3.2 Integration with Monte Carlo Simulation

 EE—
Define stochastic Assi babilit
- 2bles. model ssign probability
Vanat ; d out —| density functions of | Deﬁ.ue uu.mber of | Initiate simulation (1)
parameters and output stochastic variables iterafions
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stochastic variables for [ cost model for the ] Proceed to next iteration —| density histogram of the
this iteration random set output variable

Figure 18: Workflow of the Monte Carlo simulation

Source: Adapted from Ioannou, Angus and Brennan (2017)

Integrating these stochastic refurbishment schedules into a Monte Carlo simulation frame-
work allows us to assess their impact on the economic performance of the hydrogen production
system. In each iteration of the simulation, we also sample other uncertain parameters influenc-

ing the system’s economics, such as electricity cost and capacity factor.

These sampled parameters, along with the generated refurbishment schedule, are input into
the ProFAST financial model. The model calculates the required commodity price (i.e., the
price of hydrogen per kilogram) that results in a net present value (NPV) of zero, considering
all cash flows over the project’s life. By iterating this process numerous times (e.g., 1,000

simulations), we generate distributions of the commodity price and other economic indicators.

3.3.3 Evaluation

The evaluation of the simulation results will focus on the comprehensive analysis of the em-
pirical distribution of the levelized cost of hydrogen (LCOH) for the two scenarios of electricity

generation, grid electricity and wind power, as well as the two hydrogen production pathways,
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water electrolysis and ammonia electrolysis.

The empirical distribution of the LCOH will be analyzed using statistical metrics and vi-
sualizations such as histograms and cumulative distribution functions (CDFs). These tools will
allow for the identification of central tendencies (mean and median), variability (standard de-
viation), and the range of LCOH outcomes across 1,000 Monte Carlo simulation iterations for
each scenario and pathway. Special attention will be given to the tails of the distributions to
assess the risk of extreme outcomes, which is particularly relevant for evaluating the feasibility

of hydrogen production under less favorable conditions.

Additionally, the composition of the LCOH will be examined by deconstructing the costs
into their respective components through a net present value (NPV) analysis. This involves iso-
lating and evaluating the contribution of individual cost elements, such as capital expenditures
(CAPEX), operating expenditures (OPEX), feedstock costs, and refurbishment expenses, to the
overall LCOH. By performing this decomposition, the analysis will reveal the relative impor-
tance of each cost driver and how it differs between the two electricity generation scenarios and

the two hydrogen production methods

In conclusion, the evaluation framework provides a comprehensive and rigorous analysis of
the economic performance of hydrogen production systems by integrating stochastic modeling
of refurbishment events, electricity costs, and capacity factors into a Monte Carlo simulation.
The comparative analysis of electricity generation methods and hydrogen production pathways
further underscores the economic trade-offs and operational challenges associated with each

approach.
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4 RESULTS

4.1 Water electrolysis

Monte Carlo simulation of LCOH: Water electrolysis

@ Grid scenario: price
1 Wind scenario: price

Frequency

Mean: 10.11

1 12 13 14
LCOH

Figure 19: Histogram of simulated LCOH for water electrolysis

Source: Elaborated by the author

The Levelized Cost of Hydrogen (LCOH) results for water electrolysis exhibit very distinct
statistical characteristics depending on the electricity source utilized, specifically grid or wind
electricity. For the grid electricity scenario, the mean LCOH is reported at 8.76 USD/kg, with
a standard deviation of 0.16 USD/kg. This low variability reflects the relative stability and

predictability of grid electricity pricing and supply. In contrast, the wind electricity scenario
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LCOH statistics (USD/kg) 1 Ater electrolysis

Grid Wind
Mean 8.76 10.11
Standard Deviation 0.16 1.15
Median 8.77 991
1% Value 8.41 8.63
99% Value 9.16 13.30

Table 6: Summary statistics for LCOH from water electrolysis
Source: Elaborated by the author

demonstrates a higher mean LCOH of 10.11 USD/kg, with a substantially greater standard
deviation of 1.15 USD/kg, indicative of significant cost fluctuations driven by wind resource

intermittency. .

The tails of the cost distribution provide additional insights. The 1% value for wind elec-
tricity 1s 8.63 USD/kg, showing that in optimal wind conditions, costs can approach grid-based
scenarios. However, the upper end of the distribution, with a 99% value of 13.30 USD/kg, il-
lustrates the impact of low wind availability on cost escalation. This discrepancy arises from
the dependency of wind-based hydrogen production on capacity utilization. During periods of
low wind availability, plant output decreases, leading to higher unit costs as fixed expenses are

amortized over fewer hydrogen units.

A cost breakdown analysis (illustrated in figure 20) reveals that electricity costs, particularly
the transmission tariff (TUSD) charges, are the most significant contributors to the LCOH in
both scenarios. In the grid scenario, TUSD charges alone account for approximately 64% of the
total mean cost, totaling 5.64 USD/kg. Although TUSD charges are reduced to 3.97 USD/kg in
the wind scenario, the plant’s lower utilization significantly amplifies the impact of fixed costs,
including the PEM stack CAPEX and annual maintenance. These elements show considerably

higher variability in the wind scenario, mirroring the volatility of wind availability.

The simulation of refurbishment events (showed in figure 21) had a low impact on the final
Levelized Cost of Hydrogen (LCOH). This is shown from the standard deviation of the PEM
stack’s contribution in the grid scenario, which was 0.15USD/kg , representing only 2% of the
total LCOH value.
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Figure 20: Breakdown of costs for water electrolysis
Source: Elaborated by the author
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Figure 21: Mean CAPEX fraction resulting from the simulated refurbishment schedule

Source: Elaborated by the author
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4.2 Ammonia electrolysis

Monte Carlo simulation of LCOH: Ammonia electrolysis
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Figure 22: Histogram of simulated LCOH for ammonia electrolysis

Source: Elaborated by the author

LCOH statistics (USD/kg) *\mmonia electrolysis

Grid Wind
Mean 8.33 9.2
Standard Deviation 0.77 0.9
Median 8.25 9.18
1% Value 6.81 7.25
99% Value 10.07 11.25

Table 7: Summary statistics for LCOH from ammonia electrolysis
Source: Elaborated by the author

Results for LCOH from ammonia electrolysis under both scenarios present a similar distri-
bution, dominated by the triangular shape of the distribution assumed for the feedstock. Under
the grid electricity scenario, mean LCOH was calculated at 8.33 USD/kg, with a median of
8.25 USD/kg. These closely aligned values suggest a symmetric distribution of costs, centered

around the mean. In comparison, the wind electricity scenario yielded a higher mean LCOH of
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9.2 USD/kg, with a median of 9.18 USD/kg, indicating a similar symmetry but at elevated cost
levels. The higher mean for wind electricity reflects the additional expenses associated with

variable capacity factors.

The standard deviation of the LCOH under the grid electricity scenario was 0.77 USD/kg,
indicating moderate variability in cost outcomes. In contrast, the wind electricity scenario ex-
hibited a higher standard deviation of 0.9 USD/kg, reflecting greater uncertainty and cost fluc-

tuations due to variability in wind resource availability.

Cost Breakdown: Ammonia electrolysis

A , 5.99 + 0.77
mmonia [ ! {5.99 + 0.76
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Figure 23: Breakdown of costs for ammonia electrolysis

Source: Elaborated by the author

Across both scenarios, the ammonia feedstock consistently emerges as the dominant cost
driver, contributing the majority share to the total LCOH and being the largest source of cost
variability. In the grid scenario, ammonia accounts for 5.98 USD/kg or 68.3% of the total mean
cost. Similarly, in the wind scenario, ammonia represents 5.99 USD/kg or 54.8% of the total
cost. This dominance highlights the critical importance of feedstock pricing in determining the

economic feasibility of ammonia electrolysis.

Electricity costs, while less significant than feedstock costs, show clear differences between

scenarios. In the grid scenario, combined electricity expenses total 1.64 USD/kg, with trans-
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mission charges accounting for 1.31 USD/kg. By contrast, the wind scenario reduces electricity
costs to 1.31 USD/kg but suffers from elevated fixed capital expenses. The alkaline (ALK)
stack cost rises from 0.08 USD/kg in the grid scenario to 0.22 USD/kg in the wind scenario,
while balance-of-plant (BOP) components increase from 0.27 USD/kg to 0.72 USD/kg. These
increases reflect the impact of reduced utilization rates in the wind scenario, which amplify the

per-unit burden of fixed costs

4.3 Comparative analysis

LCOH by Scenario and Production Method
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Figure 24: LCOH comparison across simulation scenarios

Source: Elaborated by the author

Water and ammonia electrolysis pathways exhibit distinct cost profiles under both grid and
wind electricity scenarios. For the grid electricity scenario, water electrolysis has a higher mean
LCOH of 8.76 USD/kg, compared to 8.33 USD/kg for ammonia electrolysis, but its values are
much less dispersed, presenting a standard deviation of 0.16 versus 0.77 which resulted from
the ammonia pathway. This difference is largely driven by the dominance of electricity costs
in water electrolysis, which account for approximately 72.7% of total costs (including TUSD
and TE), compared to 18.8% for ammonia electrolysis. In contrast, ammonia electrolysis relies
heavily on feedstock costs, with ammonia alone constituting 68.3% of its total cost and bringing

considerable influence to the result.
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For the wind electricity scenario, both pathways produced dispersed results, although water
electrolysis suffered more from the intermittency of wind. Water electrolysis also exhibits a
higher mean LCOH of 10.11 USD/kg, compared to 9.20 USD/kg for ammonia electrolysis.
The increased cost in water electrolysis stems from higher capital-related expenses, particularly
for the PEM stack and maintenance. Ammonia electrolysis, while also experiencing elevated
capital costs under wind electricity, benefits from its relatively lower reliance on electricity,

which constitutes only 11.9% of its total cost compared to 50.9% for water electrolysis.

4.4 Discussion

The results from the simulation point towards ammonia is a practical hydrogen carrier,
demonstrating its potential to compete with the conventional pathway of water electrolysis for
hydrogen production in specific scenarios. This outcome is largely attributed to the high cost of
electricity in Brazil, which significantly elevates the LCOH for the water electrolysis pathway.
These findings support the proposition that green ammonia could be economically produced in
regions with abundant renewable energy and low electricity costs and subsequently exported for

reconversion into hydrogen in areas where renewable resources are less accessible.

When comparing the calculated LCOH values with established benchmarks, the results
align with the higher end of reported estimates. For instance, a report by Lazard (2024) identi-
fies a range of 4.45-6.05 USD/kg H2 for proton exchange membrane (PEM) water electrolysis
in the United States. However, this range benefits from the lower electricity tariffs available in
that country. Regarding ammonia, a recent study by Kanaan et al. (2023) reported an LCOH
of 8.59 USD/kg H2 for large-scale electrolysis in Europe, a figure consistent with our findings,

although their study did not include an analysis of the distribution of this result.

Meanwhile, McKinsey (2024) projected a LCOH range of 1.6-2.3 USD/kg H2 for water
electrolysis in Brazil by 2030. However, these estimates are based on self-generation of renew-
able electricity, bypassing Brazil’s high grid tariffs, which fundamentally distinguishes their
model from ours. Nonetheless, the report aligns with our results in indicating a 10% cost reduc-
tion in cases where the plant leverages grid electricity, due to improved electrolyzer capacity

and utilization.

Additionally, a critical consideration in relying on grid electricity in Brazil is the variability
of the share of renewable energy in the final mix. During drought years, thermal power plants
fueled by fossil energy are dispatched to preserve hydropower reservoirs, potentially lowering

the renewable share below the 90% threshold required for green hydrogen certification. To
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address this issue, a hybrid approach that combines grid electricity with renewable energy pro-
cured through power purchase agreements (PPAs) or self generated is advisable. This strategy
ensures greater energy reliability, cost optimization, and adherence to renewable energy certifi-

cation standards.

The elevated TUSD charges significantly increase the LCOH when using grid electricity.
This finding underscores the potential impact of governmental subsidies or policy reforms in
reducing grid charges. By alleviating these costs, policymakers can make green hydrogen pro-
duction more economically competitive and attractive for investors. This fact also encourages

self generation though dedicated infrastructure in order to prevent paying these tariffs.

Finally, the simulations revealed that equipment failures and associated refurbishment costs
have a minimal impact on the overall LCOH. This finding suggests that concerns over elec-
trolyzer lifespan and maintenance may be less critical than previously assumed, paving the way
for more optimistic long-term planning and investment in hydrogen production facilities. This
insight contributes to the growing confidence in the scalability and economic sustainability of

hydrogen technologies.
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S CONCLUSION

This study developed and applied a failure simulation model to evaluate the Levelized Cost
of Hydrogen (LCOH) across water and ammonia electrolysis pathways under grid and wind
electricity scenarios. While the failure model was successfully implemented, it was found to
have minimal impact on the overall LCOH. This result highlights the robustness of hydrogen
production cost models to equipment failure, underscoring the importance of other cost drivers

such as electricity pricing and feedstock costs.

The simulation model proved to be versatile and highly customizable, providing a valuable
framework for analyzing different hydrogen production processes under stochastic conditions.
This adaptability ensures that the model can be repurposed for future studies, broadening its

applicability to other industrial processes characterized by variable inputs and uncertainties.

The findings also highlight ammonia electrolysis as a viable alternative for hydrogen pro-
duction, particularly in contexts where electricity costs are high, as seen in Brazil. However,
significant challenges remain, including the need to scale production and foster sufficient de-
mand to justify large-scale investment. The economic feasibility of ammonia-based hydrogen

production will depend on advances in technology, infrastructure, and market development.

This topic is quite rich and there is still much to be explored. For further studies, we suggest
the devolopment of a scenario taking into consideration spot prices of renewable energy during
the day, in order to optimize the operation of the electrolyzer by selling contracted electricity
when there is too much of it, and buying from the grid when the production is low. Another
potential area of research involves analyzing the profitability of hydrogen production using
curtailed renewable energy, balancing the risk of plant idleness with the benefits of utilizing
otherwise wasted electricity. Lastly, comparing the LCOH of ammonia conversion processes
that that do not require electricity, such as thermal decomposition, could provide further insights

into cost-effective hydrogen production methods.
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from ProFAST import ProFAST
import numpy as np
import matplotlib.pyplot as plt

import pandas as pd

def lambda_func(t, beta=2.5, eta=20.0):

Weibull hazard function to model refurbishment rate.

Parameters:
- t: Time variable (array-like).
- beta: Shape parameter.

- eta: Scale parameter.

Returns:
- (t): Intensity at time t.
t = np.maximum(t, le-5) # Avoid division by =zero

return (beta / eta) * (t / eta)x**x(beta - 1)

def simulate_refurbishment_events(beta, eta, operating_life):

Simulate refurbishment events over [0, T] years using an NHPP with a

<~ Weibull hazard function.
# Calculate _max
t_values = np.linspace(0.01, operating_life, 1000)
lambda_values = lambda_func(t_values,bbeta, eta)

lambda_max = np.max(lambda_values)

# NHPP thinning algorithm
N = np.random.poisson(lambda_max * operating_life)
t_candidate = np.random.uniform(0, operating_life, N)

acceptance_prob = lambda_func(t_candidate) / lambda_max
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u = np.random.uniform(0, 1, N)
t_accepted = t_candidate[u <= acceptance_prob]

t_events = np.sort(t_accepted)

# Create refurbishment schedule
refurb_schedule = [0.0] * (operating_life - 1) # Initialize with
— zeros for years 1 to operating_life - 1
for event_time in t_events:
year = int(np.floor(event_time)) #gets the year when the event
— happened
# Map events to years 1 to (operating_life - 1)
if 1 <= year < operating_life:
# Draw a random refurbishment fraction between 15% and 40%
refurb_fraction = np.random.uniform(0.15, 0.40)
refurb_schedule [year - 1] += refurb_fraction # Subtract 1

> because refurb_schedule starts at year 1

# Ensure refurbishment cost does not exceed 100% of initial cost in
— any year
refurb_schedule = [min(x, 1.0) for x in refurb_schedule]

return refurb_schedule

def monte_carlo_simulation_with_cost_breakdown (profast_instance,
> capital_item, n_simulations=1000, beta=2.5, eta=20.0,ammonia=False
— ):
mmnn
Perform Monte Carlo simulation to analyze the effect of varying

— parameters on commodity price and cost breakdown.

Parameters:
profast_instance: ProFAST

An initialized instance of the ProFAST class
capital_item: str

The name of the capital item to simulate refurbishment
n_simulations: int

Number of Monte Carlo iterations
beta: float

Shape parameter for refurbishment event simulation
eta: float

Scale parameter for refurbishment event simulation

Returns:
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results: dict
A dictionary containing simulated prices, cost breakdowns, and

— related data for each scenario

# Electricity cost and capacity factor distributions for the two
— scenarios
electricity_cost_distribution_TE = {
’Grid scenario’: lambda: np.random.choice(grid_tariff_data), #
— USD/kWh
’Wind scenario’: lambda: 0.029 # Fixed cost under PPA
}
electricity_cost_distribution_TUSD = {
’Grid scenario’: lambda: 0.098, # USD/kWh
’Wind scenario’: lambda: 0.069 # Fixed cost under PPA

}
capacity_factor_distribution = {

’Grid scenario’: lambda: 0.97,

’Wind scenario’: lambda: np.random.choice(capacity_factors)
}

# Dictionary to store results
results = {
’Grid scenario’: {
’price’: [],
'refurb’: [],
>electricity_cost_TE’: [],
’electricity_cost_TUSD’: [],
>capacity_factor’: [],
’cost_breakdown’: pd.DataFrame ()
},
’Wind scenario’: {
’price’: [],
'refurb’: [],
’electricity_cost_TE’: [],
’electricity_cost_TUSD’: [],
>capacity_factor’: [],

’cost_breakdown’: pd.DataFrame ()
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# Loop over the two scenarios

for scenario in results:

for i in range(n_simulations):
# Sample electricity cost and capacity factor
electricity_cost_TE = electricity_cost_distribution_TE[
— scenario] ()
electricity_cost_TUSD = electricity_cost_distribution_TUSD [
— scenario] ()

capacity_factor = capacity_factor_distribution[scenario] ()

# Set parameters in the ProFAST instance
profast_instance.edit_feedstock(’Electricity (TE)’, {’cost’:
— electricity_cost_TE})
profast_instance.edit_feedstock(’Electricity (TUSD)’, {’cost
— ’: electricity_cost_TUSD})
profast_instance.set_params(’long term utilization?’,
— capacity_factor)
if ammonia:
profast_instance.edit_feedstock(’Ammonia’, {’cost’: np.

< random.triangular(0.740,1,1.4)})

# Simulate refurbishment schedule

refurb_schedule = simulate_refurbishment_events (beta, eta,
— int (profast_instance.vals[’operating life’]))

profast_instance.edit_capital_item(capital_item, {’refurb’:

— refurb_schedulel})
# Solve for the commodity price for NPV = 0
result = profast_instance.solve_price(guess_value=4) #

<~ Initial guess: $2/unit

# Extract cost breakdown

cost_breakdown = profast_instance.get_cost_breakdown ()
cost_breakdown = cost_breakdown.reset_index ()
cost_breakdown[’Iteration’] = i

# Append the transposed cost breakdown to the scenario-
— specific DataFrame

results [scenario] [’cost_breakdown’] = pd.concat(
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[results[scenario][’cost_breakdown’], cost_breakdown],

— ignore_index=True

# Append results
results [scenario] [’price’].append(result[’price’])
results[scenario][’refurb’].append(refurb_schedule)
results[scenario][’electricity_cost_TE’].append/(
— electricity_cost_TE)
results [scenario][’electricity_cost_TUSD’].append(
< electricity_cost_TUSD)

results[scenario] [’capacity_factor’].append(capacity_factor)

return results




