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Abstract

This research provides a framework for a broader assessment of the sustainability
of investment in large-scale hydrogen generation facilities, encompassing ultrapure water
units, electrolyzers of type PEM, AEL, or SOEC, and gas purifiers. The results should
improve the business case by understanding the level of risk and proposing mitigation
options for the most critical impacts on the sustainable development goals. The study
included mapping and quantifying the environmental and social impact of these green
hydrogen value chain components and a techno-economic review of 29 global technology
suppliers. It evaluated the sustainability of a typical corporate financial business model
with and without the effects of carbon pricing due to CO2 emissions reductions, the
impact of hydrogen leakages, depletion of fresh water, the liabilities for mining metals
for catalyzers, and fabrication of water splitting systems, among others. The individual
performance of equipment was assessed using the leverage cost of energy and LCA
methods.

The key questions of this research focused on the environmental externalities of
the ultrapure water unit and PEM electrolyzer and their role in the sustainability of large
infrastructure until 2050. Other key questions were related to the potential social and
environmental impacts on the facility's economy and their impact on the business case.
Finally, I tested a hypothesis about the main variables of the levelized cost of hydrogen to
understand the effect of direct subsidies on capex versus the cost of renewable electricity

and other value chain elements.



I performed a financial analysis of the cost of equity that is sensitive for later
analysis of levelized costs and a business model built on a spreadsheet. The factors used
for liabilities were extracted from the LCA literature review and engineering proxies for
estimating H2 leakages into the atmosphere. The forecast for 2030 and 2050 used time
series analysis and official projections from the IEA.

The research confirmed a levelized cost of hydrogen of 5.11 USD/Kg and a cost
of ultrapure water of 0.045 USD/Kg of H2, with a pivotal price of 2.3 USD/Kg to be
competitive versus fossil fuel options. The cost of electricity was the most sensitive value
in the business case, and the sensitivity analysis confirmed a potential perverse incentive
if subsidies continue in an electricity market below 20 USD/MWH. The water cost was
irrelevant for H2 production, making reverse osmosis for seawater the option with fewer
social and environmental risks. The cost of equity used in the research was 12%, which is
adequate for the level of risk from a corporate perspective. The forecast of the potential
transformation of fossil fuel consumption in OECD and non-OECD countries, the
upgrade of current blue and gray hydrogen, and the coming PtX energy products
confirmed an important role of green H2 in the following decades, replacing fossil fuel-
based global energy systems.

Finally, to allow a more transparent comparison of projects and components under
an ESG approach, a spreadsheet tool was constructed to incorporate the previous findings
to understand the effect of profitability versus the impacts on sustainability. The main
output was a comprehensive framework for this category of energy system (>1MW),

which is critical for the energy transition until 2050.
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Chapter |

Introduction

The global energy transition and climate agreements (e.g., the Paris Agreement)
underscore the urgent need for significant fossil fuel switches to cleaner options such as
green hydrogen. In the next two decades, hundreds of large-scale hydrogen production
equipment (>1 MW) will be built as a critical activity of this transition (Letessier, 2021).
Some units will deliver gas to local pipelines or use tankers; others will be oriented to
export cryogenic hydrogen. In both cases, the basic configuration requires a treated water
source to an ultra-pure level (low electric conductivity) and electrolyzers.

These units' manufacturing and operation raise many concerns about sustainable
development at different levels (Blondeel, 2021). These factors, often overlooked in the
business case of making green hydrogen facilities, are crucial to our understanding of the
sustainability of these systems. They include the intensive use of water, chemicals, and
waste to produce ultra-pure water, upstream emissions from mining to produce copper
and other precious metals for the stacks, social conditions of manufacturing facilities to
make this equipment, and leakage of tiny hydrogen molecules in the distribution system
that could impact global warming by acting as a GHG. Additional externalities involve
liberating extra oil to the global supply for developing economies, which will have
cheaper fossil fuels and, consequently, no incentive to switch to cleaner options.

Hydrogen is a versatile element and a low-carbon energy solution with many
variations, such as “green H2” when it is produced from renewable energy or “blue H2”

when it is produced from fossil fuels such as coal or natural gas. It has been envisioned as



one of the most critical climate mitigation options. However, recent research has
demonstrated that hydrogen has a global warming potential of over 10x COze, a
significant condition due to the tiny size of H2 molecules for leakage in long pipelines
similar to natural gas, and oxidizing reactions at the troposphere to produce water and
ozone acting as a GHG, (Warwick et al., 2022). Moreover, the typical business case for
H2 production only accounts for carbon mitigation. It does not consider the many
externalities due to ultra-water production, gaseous H2 leakages, and the lifecycle energy
consumption of the infrastructure and raw materials needed to produce this novel fuel.

The existing literature on the sustainability impact of a significant global
transformation of energy systems using green hydrogen is limited. Most research is
focused on the energy and operational efficiency of electrolyzers. Moreover, little
attention has been paid to discussing water use as fuel and its pricing, its scarcity and
effects on communities, or the impacts of manufacturing and operating large-scale
electrolyzers (Osman et al., 2022).

Despite the substantial subsidies in most OECD countries (e.g., the Inflation
Reduction Act in the U.S. and the Hydrogen Acceleration Act in Germany) to promote
the adoption of these technologies, there is a glaring lack of consideration for these local
and global externalities, such as the impact in water bodies to supply feedstock to the
electrolyzers, the mining needs to fabricate the catalyzers and stacks for water splitting,
the labor issues in developing economies that will supply the equipment and materials,
and the net effects to climate change mitigation. The importance of this work cannot be

overstated. Consequently, more criteria must be added to developing future business



plans to approve this type of energy source with higher sustainability and in line with the
demand for further compliance and broader sustainability risk analysis.

The current relevant ESG approaches, such as the standard IFRS S1 (2023)
General Requirements for Disclosure of Sustainability-related Financial Information, are
not specific to hydrogen infrastructure. The ESG climate-related regulation in the United
States (SEC, 2024) does not cover this technology either. More sophisticated approaches,
such as the European CBAM (2024), have already included taxation of future cryogenic
hydrogen exports that could start in a decade. The development of further transparency
and disclosure of the real benefits or impacts has, in most OECD markets, a limited
framework for selecting equipment and implementing mitigation measures to improve the
solutions' sustainability level. Consequently, the typical environmental and social impact
assessment of large H2 facilities is usually limited to the area occupied by their

production assets, tanks, and warehouses.

Research Significance and Objectives

My research improves current approaches to developing and evaluating project
charters (business plans) for green hydrogen facilities and provides a comprehensive
understanding of their effects on sustainability. I addressed the challenge of generating a
framework to cover the effects of this technology on SDGs and allow for quantifying the
impact of this solution beyond the apparent benefit of CO2e emissions reductions. I
completed a two-stage analysis. The first part focused on ultra-pure water units that
purify water with different levels of operational efficiency and impact on water stress in

their context. The second concentrated on large-scale electrolyzers, which today have a



technological readiness level of 8 and have just started market penetration for large
schemes with manufacturing equipment and use on a global scale (Zainal, 2024).

The hydrogen facilities framework should help set criteria for financial
institutions, insurers, or corporate approval committees that seek higher transparency and
risk management of all environmental and social externalities related to large-scale
hydrogen production.

My objectives were, therefore, to:

e Improve how business cases are developed (i.e., make them comprehensive) for
sustainable green hydrogen projects by incorporating critical variables with
current best practices, such as environmental and social impacts at local and
global levels, and considering future materials, techniques, and operations
improvements.

e Incorporate the SDGs in analyzing large systems and supply chains under ESG
practice from a compliance point of view.

e Identify current and potential future practices for green hydrogen production (e.g.,

more efficient electrolyzers, new technologies such as hot processes as SOEC).

Background
The energy transition from 2024-2050 requires competitive sources of green
hydrogen capable of enabling a sustainable transformation of the global energy system,
replacing fossil fuels, and contributing to the general aim of net-zero 2050 emissions to
the atmosphere. The center of the discussion is the technologies to produce this energy

carrier. Hydrogen is not an energy source but a carrier of the energy behind renewable



energy, such as solar and wind. It can deliver or store a tremendous amount of energy in a
gaseous state in a fuel cell, pipelines, or cryogenic tanks (Lederer, 2022).

Hydrogen has been used in many laboratories and industries for 200 years. Today,
there is a race to develop large systems using modular construction to quickly and
ambitiously replace 15%-25% of our global energy systems, mainly oil products. This
task is challenging; if poor practices are applied, there could be a significant
environmental and social impact (Aslan, 2023).

Finally, from the point of view of patents and research and development (R&D),
Japanese and German engineering corporations hold most patents in conventional
technologies such as alkaline production. However, there is a significant stream of
research in China, the United States, and Korea to create more efficient systems with less
dependence on precious metals, cheaper maintenance, higher energy efficiency of water
splitting, longer life of stacks, higher operational pressures, and larger scales not seen
before. The merger or creation of new firms dedicated only to electrolyzers, and
hydrogen delivery is evidence of the revolution in progress, and highly subsidized
multinational conglomerates such as Thyssenkrupp Nucera AG & Co, Linde & ITM,
Siemens Energy Global GmbH & Co or HydrogenPro ASA are an example of their

adaptation to lead this promising market (IEA, 2023).

Technological Options to Produce Hydrogen and Their Impacts

Different technologies are available for water electrolysis, and the size is
increasing fast, from capacities reaching 25 MW in 2019 to new projects over 100 MW
by the end of this decade. Four technologies dominate the market today, according to

Emmerich (2020): alkaline (AEL), proton exchange membrane (PEM), solid oxide



electrolysis cells (SOECs), and anion exchange membranes (AEMs). AEL electrolyzers
dominated 61% of installed capacity in 2020, while PEMs have a 31% share and are
growing. All manufacturers have opted for steel containers to offer modularity and the
ability to stack more units, positively affecting the land footprint (M*KW installed).
SOEC is a high-temperature process that utilizes direct overheated steam or energy
transfer through heat exchangers to create conditions for a higher hydrogen production
rate. SOEC could be a leading technology in the future.

Figure 1 compares AEL, PEM, and SOEC technologies, whose common
elements are green electricity, a cathode, an anode, and an intermediate material, to create
two zones of reactions. AEL is the cheapest option on the market. It has an extensive
global manufacturing capacity that is “stranded” in the same model, which requires
corrosive KOH to prepare the water for splitting as its main disadvantage. The PEM
option is expensive due to using precious metals for catalyzing, but it has less
environmental impact and stable operation due to its fast ramp-up and cold start. The last
is a radically different concept that uses steam instead of water, avoiding expensive
catalyzing materials using ceramic oxides, but the technology is not yet mature.

The purity of hydrogen after electrolysis is critical for later processes and safety
reasons, as Oxygen could lead to a fire or explosion. The typical requirement is a purity
of 99.99% obtained with a deoxidizer chamber and a gas dryer. This level of purity is

characteristic of PEM electrolyzers.
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Figure 1. Comparison of leading H2 production technologies.

Note. Main input/output of different water-splitting systems

There are many sources of detailed information about the hydrogen revolution.
IEA (2023, 2024), Agoraenergiewende (2023), Bloomberg NEF (2023), and Lazard
(2021) are the most important publications on the techno economics of hydrogen. They
focus on the levelized cost of hydrogen to compare different technologies (thermal
efficiency of chemical splitting of water, water consumption as feedstock, maintenance,
among others) with limited analysis of sustainability impacts. The priority of this analysis
has been to estimate the progress toward net zero in 2050, even if the total cost of
sustainability has yet to be discovered.

Green hydrogen projects already announced are concentrated in Europe and
Australia. However, a growing number of hubs are planned in Africa, China, India, Latin
America, and the United States. More than 2500 projects are in the pipeline of

investments announced by the International Energy Agency (Figure 2), highlighting the



vast financing and momentum of this technology, not only for direct use but also as a
feedstock for additional projects related to ammonia in transportation and fertilizers,
green methanol combined with carbon capture and storage (CCS) facilities, e-fuels and

cryogenic supplies similar to liquified natural gas (LNG).
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Figure 2. Distribution of green H2 projects worldwide.

Note. Project status registered in the pipeline of the IEA (IEA Database, 2024)

Measuring the environmental impacts of hydrogen production is a challenging

and complex topic. Figure 3 describes the typical value chain of fossil fuels and the

positioning of the new value chain of hydrogen, highlighting the water supply (seawater

and freshwater) and electrolyzers, which are the focus of this project. This type of

generation facility has yet to undergo life cycle assessment (LCA) research to measure its

impact, as the technology was recently introduced in this decade. The case is different for




oil and gas or renewable energy facilities, where extensive research has been done on

their impacts using LCA as the primary tool (Sulistyawati, 2020; Prasad, 2021).
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Figure 3. Comparison of the business-as-usual chain of oil, gas, and green H2.

Note. Position of hydrogen assets versus the old fossil fuel chains

Hydrogen Market Economics — the Project Developers

Generally, there are two types of green H2 project developers, each of which may
be either public or private. The first type, larger in size, is the oil and gas multinationals,
which have experience delivering energy as liquids or gas and are facing the pressure to
transform their system using renewable energy as the source under a concept called PtX
(Power-to-X). Their transition to hydrogen is difficult as most of their production assets
are “stranded” or subject to a combination of constraints such as long-term delivery

contracts, fiscal issues restricting decommissioning, or energy security contexts imposed



by the government. Their expectation to change is motivated by local and international
compliance with new climate regulations, the high competitiveness in the hydrogen
sector with intensive R&D, the geopolitical interest of domination of these emerging
technologies, the search for new products such as e-fuels, green ammonia, and methanol,
and the opportunity to access subsidies and carbon pricing. Their financial interest
usually targets their typical return on investment of their fossil fuel businesses and the
adaptation to a new energy market with stable values instead of volatile global markers.
This last condition is attractive for consumers who prioritize stability and lower risk. The
comparison of oil and gas versus hydrogen prices as a general function of their elemental
components is as follows:

Price oiscss = F (international marker of fuel, inflation, assets amortization, margin)

Price u» = F (cost of renewable electricity, inflation, assets amortization, margin)

As IRENA (2022, p.1) claimed, “The hydrogen business will be more competitive
and less lucrative than oil and gas. Hydrogen is a conversion, not an extraction business
of finite resources, and has the potential to be competitive in many places with simply
water and electricity.” Manufactured hydrogen in a factory is a transformation gas that
works as a carrier of wind or solar energy, not an energy source. The hydrogen revolution
is a paradigm shift that will reduce the use of global energy markers with a linear option
indexed to the cost of electricity and inflation at most (Lapi et al., 2022).

The second type of H2 project developer is the electricity generation companies
(power sector), which have been facing climate pressure for the last two decades to invest
more in wind and solar farms and avoid investments in coal-based or gas-based turbines.

They can compete with oil and gas companies based on their expertise in electricity

10



production, low cost in CO2-free energy, and excess energy in their grids to have an
“opportunistic” position in H2. They also have access to subsidies and carbon pricing.
This type of player will have a role in the hydrogen economy. However, it will be minor
compared to the efforts of oil and gas enterprises due to the global pressure to invest in
decarbonization or substitution of oil and gas with cleaner products. As evidence of this
general trend in the energy sector, Saudi Arabia, with one of the most enormous oil
resources on the planet, has defined a new broad hydrogen strategy (Braun, 2024).

This highly competitive context for H2 producers will likely result in moderate
return expectations, a higher focus on operational efficiency and safety, a context of the
energy transition with geopolitical interests, a significant effort to transform the demand
for this new fuel, and limited regulation for all environmental and social impacts of this

type of energy until 2050.

Sources of Information for CAPEX and OPEX of Electrolyzers

There is abundant information about capital expenditure (CAPEX) and
operational expenditures (OPEX) along the value chain for green hydrogen production.
Behind this flow of information on the techno-economic progress of hydrogen facilities is
the need for monitoring to avoid perverse incentives with national subsidies in OECD
countries or use of carbon credits from non-OECD countries through the Paris Agreement
Article 6 or voluntary market mechanisms such as the U.S. VERRA or the Swiss Gold
Standard. The level of subsidies and other fiscal incentives must help the project
developer obtain a typical rate of return in his business case during a reasonable period of

operation but not make the subsidy the project's goal.
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As H2 production technology changes, most governments, multilateral banks,
NGOs, and U.N. agencies are monitoring the evolution of costs related to the new energy
technologies. In the case of green hydrogen, many drivers are forcing the CAPEX and
OPEX downward, such as a continuous increment of manufacturing capacity in many
regions (especially in China due to economies of scale), replacement of expensive metals
for catalyzers with cheaper compounds, more advanced electronics and water
temperature control, scalability of the demand looking for economies of scale, and
integration of the value chain of manufacturing ultrapure water facilities with
electrolyzers and renewable energy generation. Renewable energy has a significant role
as this sector also has pressure to reduce costs to compete with coal and now targets
values of power below 20 USD/MWH to ensure a leading role in deploying green
hydrogen and e-fuels.

At the global level, the International Energy Agency (IEA) and the International
Renewable Energy Agency (IRENA) are responsible for continuous reporting of the path
of costs for hydrogen until 2050 (Net zero milestone), analyzing the state of the art of
electrolyzers, reviewing the amounts of subsidies per region, examining the effects of
fiscal public policies, and measuring the deployment of facilities.

Figure 4 shows an IEA (2023) report with a forecast that predicted a significant
drop in investment cost for installed electrolyzers (equipment, gas treatment, plant
balancing, engineering, procurement, and construction cost) ranging from 750 -1300
USD/KW for AEL and PEM respectively to go down by 50% in 2025 and by 60% by
2030. The right side of the figure takes a standard project with an 8% cost of capital, a

fixed efficiency of electrolysis at 69%, and a cost of electricity of 20 USD/MWH to
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highlight the changes in the share of the capital cost in the levelized cost of H2 (LCOH),
below 25% if the reduction in capital reaches 60%. These data were produced with

specialized partners like McKinsey Consulting and the Global Hydrogen Council.
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Figure 4. Forecast of electrolyzers CAPEX until 2050.

Note. Source: IEA, 2024.

Similarly, IRENA (2020) presented a path of performance of green hydrogen
systems (Table 1), with extensive consultation with experts and stakeholders such as
Thyssen Krupp and Enapter from the manufacturing side, the European Commission, and

the Ministry of Economy, Trade and Industry of Japan (METI) from the funding side.
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Table 1. Key performance indicators of electrolyzing technologies.

2020 2050

Alkaline  PEM AEM SOEC Alkaline  PEM AEM SOEC
Cell pressure [bara] = 30 < 70 < 35 <10 > 70 > 70 =70 =20
Efficiency (system) 50-78 50-83 57-69 45-55 < 45 < 45 < 45 < 40
[kWh/KgH,]
Lifetime [thousand 60 50-80 >5 < 20 100 100-120 100 80
hours]

Capital costs

estimate for large 270 400 - =2000 <100 <100 <100 < 200
stacks (stack-only, >

1MW) [USD/RW, ]

Capital cost range

estimate for the 500- 700- - - < 200 < 200 < 200 < 300
entire system, >10 1000 1400

MW [USD/kW_]

Note. Forecast of performance in 2050 versus performance in 2020 (IRENA, 2020).

At the domestic level, public administration sponsors studies to assess the impact
of specific local incentives on deploying new H2 facilities. In the United States, the
Inflation Reduction Act is a significant source of subsidy capable of contributing up to
50% of the CAPEX of new infrastructure. For example, Figure 5 shows the yearly
monitoring report developed by LAZARD Financial Services in collaboration with
Ronald Berger Consulting, focusing on the LCOH of AEL and PEM technologies by
using detailed polls and research in the sectors of pink (nuclear) and green (renewable)
energy. Pink hydrogen can reach today's LCOH below 2 USD/Kg due to the economics

of nuclear plants that are price takers and run at full capacity, mostly depreciated. The
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green H2 option is moving in a band of [2.46, 4.08] USD/Kg; the subsidy is not enough
to reach a competitive pivotal price against oil products, but it helps to be closer and

impulse their market penetration.

248 $4.08

2% §352

12 $2.36
S $18 Il LCOH
| Subsidized (excl. Energy Community)
$0.00 $1.00 $2.00 $3.00 $4.00 $5.00 $6.00 10

Levelized Cost of Hydrogen ($/Kg)

Figure 5. Comparison of green and pink hydrogen in USD/Kg.

Note. Source: LAZARD, LCOE of hydrogen report, 2024.

At the federal level, the U.S. Department of Energy, through the National
Renewable Energy Laboratory (NREL), offers one of the best datasets and analytical
tools to revise regularly upgraded information on investment cost, improvement in
operational costs, cost for replacement of stacks, estimation of fixed and variable cost,

reevaluation of lifetime of most equipment and the possibility to add additional elements
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of a value chain of hydrogen such as CCS, Autogas for transportation and advanced

chemistry for e-fuels to simulate projects and impacts in other fuels.

Europe has similar reports as it is the most dynamic green hydrogen market today.
The EU zone has a strong hydrogen strategy to develop networks to share green
electricity and hydrogen, plus facilities to import ammonia and cryogenic hydrogen.
Figure 6 shows the status of the levelized cost of hydrogen in Europe, which is constantly

monitored as a key element of their energy independence.

€/kg H

Electricity costs  Other OPEX ~ Grid fees and  Total margina CAPEX lotal costs

taxes costs
Figure 6. Averaged levelized cost of green H2 in Europe.

Note. Breakdown of OPEX and CAPEX (European Hydrogen Observatory, 2023).

Germany, the largest economy in the zone, is the leading producer of equipment,
Research & Development, and demand for H2 technology. The German strategy includes

funding to establish hubs at a large scale, like LNG, to develop a geopolitical alternative
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to oil and gas from the Middle East or Russia, and a decision to transform their enormous
chemical industry and oil refineries to low-carbon solutions. In Asia, Japan is also an
important market in the energy transition. Its METI has set up a national green hydrogen
strategy that reports progress in reducing OPEX and CAPEX. Figure 7 summarizes its
techno-economic path for green hydrogen with milestones in 2030 and 2050. Their
efforts target a reduction of 50% in CAPEX per KW installed in electrolyzers by 2030

and additional reductions in renewable electricity to consolidate a competitive advantage.
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Renewable power costs for 2030 are based on fiscal 2025 solar PV costs in “Opinions on Procurement Prices for FY
2022 and Onward,” Procurement Price Calculation Committee (April 2022).

Figure 7. Estimating Japan’s hydrogen production costs.

Note. Analysis based on the capex of electrolyzers and national targets (Renewable
Energy Institute, 2022).
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Japan pioneered the development of alkaline water-splitting processes decades
ago and led the fabrication of large installations. Today, it faces the challenge of
transforming its industrial capacity to PEM technologies with higher efficiencies, less

dependency on precious metals, and longer lifetimes.

The Transition to a Green Hydrogen Economy

An efficient and just energy transition of green H2 before 2050 requires
overcoming many barriers, such as enabling conditions for fuel switches in carbon-
intensive sectors, assuring lower GHG emissions, applying lessons learned from natural
gas and LNG, and achieving the co-benefits (mainly lower air pollution, more access to
energy to low-income persons, and creation of jobs).

A successful transition requires the reduction of asymmetry in technical and
commercial information between countries to facilitate a competitive market for trading
H2 in pipelines, cryogenic or transformed to ammonia to ease its logistics, and
transparency in measuring GHG emission reductions. At the heart of this transition is the
need to reduce energy-related CO2 emissions to limit climate change, with the usual key
milestones of the average Earth temperature in 2030 and 2050 (Energy Transitions
Commission, 2021). Some experts talk about the “geopolitics of hydrogen™ or the
“hydrogen-based global economy,” where all aspects of production, distribution, and
utilization will strongly influence the energy markets and expectations of GHG emission
reductions (Bonciu, 2021).

Moreover, most OECD countries are working on national policies oriented

towards green deals, such as the “hydrogen economy vision” or equivalent, to support not
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only the heavy investment and impact in replacing old solutions based on fossil fuels but
also the benefits of new jobs, a cleaner environment, and less geopolitical dependence on
imported oil or LNG (Trattner, 2022).

Undoubtedly, the moment for green hydrogen has arrived. Like the experience of
LNG, this could be an effective solution to GHG emissions or generate significant global
externalities. The LNG experience at the global level had fast-track procedures, subsidies,
and fiscal incentives. However, little attention was paid to methane leakages in ships,
gasifiers, and pipelines, social issues with equipment suppliers, and delayed project
completions due to the large amounts of stranded assets in fossil fuels that generated
resistance to this new technology. Profitability was the only valid argument for replacing
systems for this lower carbon-intensive solution in a market with finite resources, a
growing energy demand, and higher pressure from investors and diverse stakeholders.
The evaluation of green H2 production technologies and projects should instead be based

on thoroughly considering their environmental and social externalities.

The Role of Ultrapure Water in Green Hydrogen Production

Clean water production is a mature process with decades of knowledge and
commercial production behind it. Human industrialization, specifically in the electronics
industry and pharmaceuticals, has increased the demand for higher purification levels and
more flexible technologies since 1970. Today, ultrapure water (UPW) is a critical
element of additional demand for industrial water, vital for sustainable green hydrogen
production by electrolysis and, consequently, for the energy transition. Water will be the
front line of this new energy source and the visible face of the transformation of

renewable energy plus UPW to generate hydrogen, this century's leading energy carrier.
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Global Water Intelligence reported that UPW occupied 20% of the world water market
by value in 2011 and is expected to grow by more than 4000 MUSD in 2025, a market
equivalent to all seawater desalinization. Unfortunately, water is seen in many societies
as a universal and abundant resource, but in practice, less than 0.1% of all the water on
the planet is suitable for human consumption. NASA Jet Propulsion Laboratory's (2022)
estimation of Earth’s water budget is 370 quintillion gallons of water all over the planet
in lakes, rivers, glaciers, oceans, and groundwater. Sea water is 96.5% of this budget, and
the remaining volume is fresh water, which is solid ice in glaciers (1.7%) and clean water
for ecosystems, human direct consumption, agriculture, and industry (1.8%). This fact
makes it reasonable to focus on seawater rather than clean water to avoid conflicts with
the demand for human purposes. If clean water demand for H2 production has a priority
over water for human consumption or agriculture, the social reaction could damage the
deployment of H2 and delay its participation in the energy transition. Even the elemental
stoichiometry of water electrolysis says that 1 kg of H2 requires 9 kg of clean water; the
reality is up to 300% more due to previous processing or indirect effects such as water
make-up from nuclear reactors that produce the pink electricity for electrolysis.

The technology for UPW starts after purifying water (separation of all solids); the
challenge is to reduce its conductivity to almost zero to facilitate its later splitting. Most
water for hydrogen facilities will come from reverse osmosis, an energy-intensive
process. The leading technology, membrane distillation (MD), is a combination of steel
sheets and polytetrafluoroethylene membranes capable of producing UPW with a residual
conductivity less than 0.1 uS/cm (Micro Siemens/cm) and a flux higher than 100 g/m?h,

suitable for electrolyzers (Amiruddin et al., 2023).
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The typical facility will try to ensure a clean underground or surface water source
as a first economical option. However, enormous facilities operating continuously
without access to fresh water must consider seawater installations to avoid business
interruptions, using reverse osmosis (RO) as a core solution. Thus, the typical stages will
be (i) pretreatment to remove suspended solids, (ii) a make-up stage and desalination
through RO, and (iii) a polishing stage to improve the water purity grade. This final stage
has a classic solution, highly standardized mixed bed deionization (MBDI), or more
recent options, such as electro-deionization (EDI).

Figure 8 shows a cross-section of a conventional EDI system and a more efficient

version that uses a solid resin wafer (RW) to uniformly exchange ions.

Conventional Electrodeionization (epy) Resin Wafer Electrodeionization (Rw-epi)
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Figure 8. Cross-section of the electro-deionization process of filtered water.

Note. Comparison of EDI with water resin effects (Pan et al., 2018).
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There is no single standardized solution, as the design depends on the supply
conditions and local regulations for waste disposal (salt). Another critical aspect of UPW
is the trend in modularization. Like the electrolyzer, the filtering media in all the stages
can be supplied in a steel container, which facilitates the installation and maintenance of

parts.

Research Questions, Hypotheses, and Specific Aims
My research examined five primary research questions and their associated

hypotheses:

1) What are the environmental impacts of all the production processes of raw materials,
equipment, and operation of ultrapure water plants and electrolyzers for green
hydrogen production?

e Hypothesis 1: There are significant global connectivity of environmental
externalities for any green H2 production facility, including upstream and
downstream emissions to the atmosphere, soil impacts, and water bodies’
depositions. I predict that most of these externalities are not assessed by local
regulations where the facility operates.

2) How significant are the impacts on the sustainability of large-scale gaseous green
hydrogen production systems (ultrapure water, electrolyzer, and gas purifiers) at
global and local levels?

e Hypothesis 2: Large hydrogen infrastructure in the short and medium term will

not include all the externalities of their construction and operation impacting on

22



the biosphere due to the pressure on the net-zero 2050, and these could be
significant.

3) What additional impacts could be measured to assess gaseous green hydrogen
production for a more sustainable outcome, considering the potential evolution of
large-scale facilities during the energy transition until 20507
e Hypothesis 3: Adding positive and negative climate impacts and additional

environmental and social issues to the economic assessment at the project charter
level is possible. As environmental and social liabilities are primarily global, no
integrated framework exists for these issues.

4) How significant could the change in the economy of a hydrogen project be if it
includes proper consideration of all its environmental and social impacts compared to
a business-as-usual (BAU) practice?

e Hypothesis 4: Critical indicators such as internal rate of return (IRR) or net
present value (NPV) could vary downward by 15% or more beyond the tolerance
of acceptance of a typical business case target in an energy firm.

5) What are the most sensitive variables of the levelized cost of green hydrogen?

e Hypothesis 5: The cost of green H2 is strongly related to the renewable energy
behind the electrolyzer, possibly over 50% of the total cost of gaseous hydrogen.
This has implications for developing economic strategies to improve the final cost
of gas delivered to pipelines. Other significant elements could be the cost of

ultrapure water, the stacks' value, and the overall engineering thermal efficiency.
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Specific Aims
In general, the study had three specific research tasks as its initial activities to
develop a framework for a large-scale hydrogen system:
1. To map all the impacts (environmental, economic, and social) related to the
deployment of green H2 systems from water sources to gas ready for delivery.
2. To incorporate the SDGs and other metrics for a broader qualification of large-
scale projects (financial and risk assessments) under an ESG approach for all
known technological options.
3. To build a framework that includes those environmental and social issues not
included today as standard practice and present options to mitigate them for a
single project assessment or comparison of more than one technological option or

a portfolio of projects.
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Chapter II

Methods

This thesis research reviewed the state of the art for producing green hydrogen,
considering only critical operational equipment such as the reverse osmosis unit, the
ultrapure water polishing unit, the electrolyzer, and the final stage of hydrogen
purification before its delivery to the demand through pipelines. In Figure 9, I present the

main elements analyzed in this research.
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Figure 9. Workflows from UPW and H2 facilities to market.

25



Research Stages
This research has five stages, as shown in Figure 10. I first analyzed technical
literature from global suppliers and scientific research to understand electrolyzers' current
state-of-the-art trends to 2030 and build levelized cost templates for UPW and H2. The
next stage was to use this information to construct a general business model suitable for
PEM electrolyzers. The base case included a sensitivity analysis of subsidies and the cost

of electricity and their effect on the competitiveness of H2 versus fossil fuels.
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Figure 10. Research stages.

The next stage was to modify the base case, in sequence, with carbon pricing to

check the effects of CO2 on the economics of the project, a second layer of impact by

including the potential leakage of H2 to the atmosphere, and a final layer of economic
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externalities due to environmental and social issues. This analysis used IPCC GHG
accounting methods for the combustion of fossil fuels at the tier 1 level and assuming
99.99% of thermal oxidation by default. All the analyses done until this step will support
the generation of LCA reviews for all the equipment, from manufacturing and operation
to decommissioning at the end of their lives. To understand the potential impact of these
externalities due to the transformation of global energy systems to hydrogen, a long-term
analysis of the accumulated impacts was completed based on the substitution of fossil
fuels in OECD and non-OECD countries until 2030 and 2050. This forecast included
damage to the atmosphere, soil, and water bodies beyond the assumption of only positive
contributions due to the climate change fight.

Finally, an ESG framework was prepared to systematically analyze the
sustainability level of the business case and how it impacts the United Nations SDGs.
This framework improves the risk assessment throughout the assets' life, including
mitigation options and a more comprehensive examination of a single project (or specific
components) or a portfolio of many technical solutions. A set of auxiliary calculations
supported the analysis. The first was the cost of equity using the Capital Asset Pricing
Model (CAPM) for large energy firms transforming their systems to hydrogen; this is a
sensible value for most calculations. The next one was a long-term forecasting of energy
consumption until 2030 using a time series with ARIMA models to assess the

accumulation of environmental externalities.

Comparison of Technologies
I compared the leading technologies (Alkaline, PEM, and SOEC) based on their

technological readiness and the data freely available from global suppliers or technical
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literature. The literature review included at least the top Australian, Belgium, Chinese,
German, Indian, Japanese, Korean, Norwegian, UK, and U.S. suppliers (e.g., ITM Linde,
HydrogenPro ASA, Mitsubishi, Siemens, ThyssenKrupp) and studies from IEA,
LAZARD, IRENA, the U.S. Department of Energy, among others. Tables of the
technologies compared the current OPEX, CAPEX trends, and operational performance
parameters. The case for water was similar. I evaluated two options: fresh and saline
water sources, emphasizing energy cost and filtering media management. The economic
comparison used the levelized cost of hydrogen (Reichartz, 2023) produced under
different technologies to include the effect of stack maintenance and replacement,
thermal performance, working hours per annum, automation level, and final gas quality.
Table 2 lists the most important global manufacturers of PEM, AEL, and SOEC
electrolyzers included in this research. These 29 firms supply engineering, equipment,
and maintenance contracts. The analysis included some important joint ventures and
those firms with the largest installed capacity for manufacturing full and partial solutions
for green hydrogen production (electrolyzers and purification equipment in steel
containers for plug-and-play installation). Information about their products was available
in catalogs, white papers, websites, and technical journals. A sensitivity analysis covered
the effect of future improvements in capital expenditure per unit of power installed and
operational costs, emphasizing the replacement of stacks (valued in hours of operations)
and trends in replacing expensive catalyzers with cheaper metals that could affect the
competitiveness of some options. At the operational level, the cost of renewable
electricity was reviewed to understand its impact on the final gas price. The analysis

included the gas dryer and oxygen reduction before customer delivery to the manifold.
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Table 2. List of global suppliers of hydrogen technology.

Ref.  Country Company name Technology
1 Australia Cavendish Renewable Technology Plc. AEM

2 Belgium John Cockerill AKL

3 Canada Next Hydrogen AKL

4 China Tianjin Mainland H2 Equipment Co Ltd AKL

5 China Suzhou Green Hydrogen Energy Ltd. AKL

6 China LONGi Hydrogen Energy Ltd. AKL

7 China HyGreen Energy AKL, PEM
8 Denmark GreenHydrogen.DK ApS AKL

9 France Air Liquide S.A. PEM

10 France Elogen PEM

11 France McPhy Energy S.A. AKL

12 Germany Sunfire GmbH AKL, SOEC
13 Germany Siemens AG. PEM

14 Germany Thyssen Krupp AG-Nucera AKL

15 Germany Linde AG PEM

16 Germany H-TEC Systems GmbH PEM

17 Italy Enapter S.r.l. AEM

18 India Ohmium International PEM

19 Japan Asahi Kasei Corporation AKL

20 Japan Chiyoda Corp and Toyota Motor Corp PEM

21 Japan Mitsubishi Power AEL

22 Norway NEL ASA AAE, PEM
23 UK ITM Power Plc PEM

24 UK INEOS electrolyzers AKL

25 USA Cummins Inc. PEM

26 USA Plug Power Inc. PEM

27 USA Giner Inc. PEM

28 USA Teledyne Energy Systems PEM

29 USA Bloom Energy Inc. SOEC
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Financial Assessment — the Business Case

Assessing the sustainability of the business case is a core task for deeply assessing
the financial expectation of return under the exposure of positive and negative
externalities at the environmental and social levels. The business-as-usual (BAU)
financial assessment included depreciation, taxes, the fair value of assets at the end of a
lifetime, the ramp-up of sales, downtime due to regular maintenance, and significant
overhauls. The assessment included inflation to realistically adjust the changes in
maintenance and labor costs and the prices to final customers over 20 years.

Any proposed investment must reach a minimum expected return for a business
that, in nature, corresponds to downstream energy delivery with low demand risk. In the
business world, this BAU financial assessment plus a risk assessment for the lifetime of
the assets is the minimum information sent to a high-level committee for approval.

This study focused on a single large-scale theoretical facility using 10 MW as a
functional unit based on PEM technology, the predominant technology of this decade.
This approach was due to the current practice of manufacturing all key equipment
packaged in a steel container for a quick start-up. The facility's core, the water-splitting
process, is in this container. Adding more capacity is equivalent to adding more
containers, connecting them to an electric substation to feed in electricity, and piping the
inlets for water and outlets for pressurized gas to a general manifold.

The facility or asset was studied with variables such as market average CAPEX
and OPEX of the most efficient technologies with sensitivity analysis on the base case to

cover the future trends of these values, which possibly require significant reductions in
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the cost of electricity, cost of overhauls (concentrated on the stacks), higher thermal
efficiency and capable of using efficiently seawater instead of surface continental water.

The initial projected return will start with the margin generated between fossil
fuels and green hydrogen, plus the effects of subsidies. Later, other effects, such as
positive flows due to carbon pricing, negative flows of global warming effects due to H2
leakages, social issues in equipment manufacturing, or the use of sensitive volumes of
water, among others, will generate externalities that will deviate the project from the
target return. A what-if exercise checked the impacts of externalities, the project's return,
and potential actions to mitigate the externalities.

In the model, the main output, the rate of return, must be weighed against an
expected return. A proper cost of equity is required to build this reference. This type of
installation is more downstream in profile, with manufactured or stable prices (no
international energy marker is needed), and usually presented with an assumption of all
production sold and no cost of debt. The cost of equity has many sources of information,
such as quarterly or annual reports from oil and gas multinationals, studies from
governments, reports from stock exchange indexes such as the Standard & Poor 500, or
direct calculation using the Microsoft Excel function STOCK HISTORY (Company
Symbol; start date; end date). These sources provided the risk-free rate (RFR) of a
developed market (e.g., U.S. 10-year T bonds), the beta or level of risk of the sector, and
a market prime to build a reasonable and conservative cost of equity (Ke). The theory
behind this type of construction is the classic capital asset pricing model (Fama, 2004),
which states:

Ke = RFR + Beta*(Market Prime)
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A business case starts with the assumption of no debt, so the weighted cost of
capital or WACC will have zero debt, making the value equal to Ke or the discount factor
for this research. Improving the business case with debt is a corporate practice specific to
the financial conditions of the legal entity that will develop the project and is not included
in this analysis (Delapedra-Silva, 2022). This analysis of the expectation of return was
used in the research's financial model.

One condition of the current practice of H2 projects is using subsidies to reach a
return on investment that is not a perverse incentive while the cost of electricity remains
competitive and free of federal support. To clarify this effect, only direct subsidies for
hydrogen production were assessed, without options for further chemistry or connectivity
to CCS or other PtX, which are outside the scope of the research.

Establishing the typical cost of capital and the effect of subsidies will affect the
profitability against a pivotal price of hydrogen after the electrolyzer at the manifold for
delivery to the market. The price must be low enough to be competitive against fossil
fuels in the long run for 2025-2050 at the same level of service or position in their value
chain, such as an Ex-Works price in a refinery. This H2 price generated a projected
margin compared to volatile fossil fuel markers (e.g., West Texas Intermediate for oil
products or Henry Hub for natural gas). The values of scenarios of oil products until 2050
are available from the official projections of the International Energy Agency (IEA,

2022).

Inclusion of Additional Impacts on Sustainability
After the baseline financial model accounted for the usual economic and

operational parameters, additional impacts on sustainability were added. This analysis

32



introduced other externalities such as carbon pricing (positive value from emissions
reductions and damage from gaseous H2 leakages to the atmosphere), cost of mitigation
activities for water depletion, waste salt or brine production, and processing of chemical
residues from ultrapure water production. Some business model lines used LCA values or
a proxy if a realistic value was unavailable (based on materials and energy balance).
These externalities were generally presented as cost/unit of production or USD/Kg of
hydrogen delivered to the market as fines or compensation.

The social liabilities were computed using insurance industry criteria based on
downtime due to pressure from surrounding communities, such as fishermen or
authorities, that could claim compensation for using water as energy and its potential
effects on ecosystems. Downtime escalation could be higher in developing economies
with low standards of health and labor issues. This exercise estimated ESG liabilities
during the lifetime of a functional unit of IOMW (two stacks) of PEM electrolyzing

power running 365 days per year, minus reasonable deductions due to maintenance.

Identification of Environmental Impacts

This step aimed to prepare tables with all the impacts in the stages of
construction, operation for 20 years, and decommissioning of the H2 facility. A literature
review of the LCA of the stack and RO units helped compile the factors for all the
components, such as filtering units, electrolyzers, gas filtering and drying, and containers.
This analysis checked, where possible, upstream emissions from mining and equipment
manufacturing, operational leakages and thermal efficiencies, and the negative and

positive impacts on the air (climate and air pollutants), among other variables.
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Due to a lack of public data on H2 leakage in large industrial facilities or
pipelines, a proxy with natural gas (methane or CH4) was used, with engineering
references from the American Petroleum Institute, the IPCC, and the National Fire
Protection Association in Safety and leakage of pressurized gas under different weather
conditions. There are known values for methane from global energy operations, and an
analogy was developed to model hydrogen (e.g., an admissible value under technical safe
conditions of operations). The size of the H2 molecule is tiny compared to methane, so
the potential leakage is minimal due to the sequence of leakages from the electrolyzer to
the manifold and later the process or pipelines over short distances. Methane has a
different behavior, where the leakages start at the well and move through gas reforming,

long-distance transportation, and distribution.

ESG Risks and SDG Valuation — Improving the Business Case

Once the impacts were valued for all the technological options of production, a
global analysis was completed based on the expectations of the production of green
hydrogen until 2050, assuming a replacement of diesel and gasoline in the transportation
sector and natural gas in pipelines for developed markets. The analysis estimated millions
of liters of water used, net CO2 reduced or sent to the atmosphere, waste generated on soil
and water bodies such as marine salt, air pollutants generated, type PM25, and other
impacts along the novel value chain of green hydrogen. Inventories of global energy
consumption are available from 1970 until today and allowed forecasts of their values
until the net-zero milestone. The energy datasets have existed since 1965, and the
International Energy Agency, the World Energy Council, and other U.N. agencies

maintain them. This assessment measured the potential impact of sustainability through a
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carbon footprint and how it could engage in future trading, such as a carbon border
adjustment mechanism towards the net-zero (French, 2022).

The next and final stage of the research leads to a specific sustainability
framework for ESG risks based on the assessment of SDGs. The framework was
designed to be utilized systematically to assess any large facility. The incorporation of
this tool in the business case should rank differently the options of production schemes
for future facilities at the Project Charter level during a presentation to a c-suite
committee or board, recommending further analysis, modification of engineering,
inclusion of additional mitigation measures, considering the social costs of most
externalities, and reducing future social and environmental risk that could jeopardize the
reputation of the investors or generate losses to insurers or operators due to operational
shutdowns. The high value of the investment and the need for low-carbon fuels will
encourage the operations of these facilities for many decades, with revamping and
technological changes focused on maximizing operational hours and delivering high-
quality gas.

Figure 11 presents a vision of the tool's main output and summarizes the key

components of an ESG approach.
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Figure 11. Comparison of BAU business case vs optimal case.

This framework's challenge is to generate a single score of technology and
operation today versus an economic net present value, allowing the visualization of a
portfolio of alternatives or components based on their level of sustainability in a single
chart. It drafts the orientation of the comparative analysis, which starts with the business
case, the gap versus the ideal case, and the gap to an intermediate position if critical
environmental and social issues are mitigated. This analysis included a risk assessment in

an additional axis or tabulation.
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Chapter III

Results

The results are presented in three sections: First, the state-of-the-art technologies
for green hydrogen production and their trends this decade are analyzed. The second
section presents the business case for a full assessment of an H2 project, which is
superior to the levelized cost analysis and allows the objective inclusion of the effects of
subsidies, carbon credits, and environmental plus social liabilities. This section required
strict preparation and justification of the expected rate of return for a fair analysis of the
baseline scenarios and their variations.

The last section assessed an H2 production facility's externalities and how they
affect its ESG level and risk. Due to a lack of framework and information, these
externalities are not commonly presented to decision-making groups. The section ended
with an exercise of simultaneous visualization of three options at the project level to

highlight the effects of the externalities.

Green Electrolyzers in 2024 and Future Trends
Table 3 summarizes the research on technologies, which showed three clear
groups. First, alkaline technologies have been in the industrial market for over half a
century. This technology has an extensive global manufacturing capacity that favors its
low CAPEX if compared to other options by 50% or more, and facilities are built up to
100 MW. On the other hand, utilizing hydrogen for advanced chemistry or

supply/blending in pipelines has stringent requirements for stable flow conditions and
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volume targets, which are challenging to achieve with this technology due to operational
issues such as cold start, restart after shutdown, the necessity of corrosive chemical such

as KOH in the right proportion to start the splitting and stack retrofitting after 60,000h.

Table 3. Comparison of H2 production technologies.

Key Parameters Unit [ARL [PEM [soEc
Manufacturing Readiness ([1,10] 10 10 8
Land footprint M2/KWe  0.095 0.048 NA
Outlet pressure Bar <10 <30 <30
Lifetime years 30 [20, 25] NA
Technology < i retrofiting/change |Hours 60,000 80,000 20,000
H2 purity outlet % [99.7,99.9] [99.9, 99.999] >99
Catalyzer Type Nickel/Zrconium/Palladium Iridium/Platinum/Palladium  Zrconium/Yttrium/Lanthanum
Commercial status available available pilot
Operating Temperature  |oC [60, 80] [60, 80] [700, 900]
Sart-up minutes  >10 <5 >60
Operational | Water Purity ASMED1193 Type | ASVED1193 Type ll NA
Current Density ACM2 [0.2,0.8] [0.2,2.0] [0.3,1.0]
Ramp-up/down %/second [0.2,20] 100 NA
Ene Power consumption stack| KWH/KgH2 [48, 53] [48, 53] NA
i i? Power consumption dryer [KWH/KgH2[0.7, 1.0] [0.7,1.0] NA
C1eNcY ISack % 60, 68] [60,72] [75,90]
CAPEX Full system USD/KW  [700, 1100] [1200, 1700] NA
Stack only USD/KW 700 1300 NA
[ OPEX [Yearly%of CAPEX % [4.7 47 [5.10]
Low capital cost. High current density. 30% higher energy efficiency.
Ad Cheap catalyzers. Compact design (Containerized). Non noble materials.
T Many patents available. Rapid response. Reversible operation as fuel cell.
High purity of gases.
Corrosive waste water (KOH) High membrane cost. Unstable electrodes.
. Gas crossover at high pressure and
Disadvantages Gas permation. Retrofittingof stack. temperature
Low current density. Costly catalyzers.
Slow dynamics.
Perspectives on H2 productiontechnologies  [ARL [PEM [soEC
"Stranded" manufacturing Lower CAPEXto 500USD/Kw,  First commercial facility in
capacityisstill an advantage.  similarto AKL. operation.
Improvement in sealings and More production of equipment
reduction of downtime. in China (scale of production).  Focus system >10MW.
Until 2030 Improvement in membranes Improvement in membranes.  Significant R&Din this option.
OPEX<2%CAPEX/year. OPEX<2%CAPEX year.
Higher energy efficiency. Focus on plug-and-play units>20MW.
Improvement in efficiency
through electronics.

Significant R&Din this option.
Higher energy efficiency.
[low, high] estimates
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There are a few advantages beyond the low cost of investment. From the point of
view of sustainability, the AKL process impacts water bodies, and its energy use is less
efficient than its competitors', making this option, even though mature, not competitive
enough for the current and future needs of the energy transition.

SOEC electrolyzers are a group of emerging technologies that try to break the
paradigm of this sector by using ceramic for the splitting process, leading to cost
reduction and avoidance of negative consequences associated with the mining of noble
metals. The process is still in a manufacturing maturity readiness of eight. Only a few
pilots are available, but there is much research on this option due to three essential
features: it is capable of working in reverse as a fuel cell and electrolyzer, its higher
energy efficiency, over 30% compared to their competitors, and the use of clean water
without chemicals. These are outstanding conditions for all the possible applications of
this technology in the energy transition, plus better environmental performance.

Finally, the best option, at present, for making investment decisions is the PEM
technology. As of now, it is expensive, but it has four attractive strengths: a stable
process with fast cold start-up, low land footprint as most suppliers use containers in their
design to make the upgrade and scale-up easier in a plug & play mode, high purity of the
final gas and a high current density that allows constant efficiencies over 60% at the
stack. The process requires ultra-pure water supplied by a water facility and does not
require chemicals to reduce the conductivity (DNV, 2022; EY, 2023).

A variant of AEL is the anion exchange membrane (AEM), which combines the
AEL and PEM processes using an alkaline water supply and non-precious metal

catalysts. However, this technology has been deployed only in small-scale units.
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From the perspectives of these technologies, PEM is expected to move ahead of
its competitors due to two drivers: higher capacity manufacturing production in China
will reduce their CAPEX, and the R&D in place is focused on reducing the dependence
on precious metals and the longer lifetime of the stacks. A reduction in CAPEX will help
close the gap with AEL and reduce the OPEX from seven percent of CAPEX to less than
two percent. The lifetime of the stacks must double in a decade, and energy efficiency
should reach 90%.

Due to the current status and trends of the technologies for water splitting, my
research focused on PEM electrolyzer technology, which is currently the frontrunner. I
analyzed a hypothetical PEM facility with a lifetime of 20 years, plug-and-play
configuration for minimum land footprint, stack overhauls every 80,000h, and a final
purity of 99.99% of dried gas.

The following sub-sections analyze the operational cost of producing ultrapure
water and the splitting of this water into hydrogen, assuming an identical cost of
electricity and a financial discount rate (FDR) or, also known as the cost of equity (Ke),
of 12%, explained in a separate section later. The method known as the levelized cost of
energy allowed the estimation of cost in present value, assuming the full usage of the
asset during its lifetime with standard operational conditions. The method helped
compare technologies and assess the addition of costs in a value chain of production, like
green hydrogen. Most operational parameters were used later in the business model, plus

additions such as fiscal effects, sales ramp-up, inflation, and sensitivity analysis.
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Levelized Cost of Water

Table 4 shows the results from the levelized cost analysis of water for a PEM

electrolyzer at 0.0045 USD/liter of UPW. This option did not use alkaline chemicals and

takes seawater in a small facility to adapt the water quality to the standard ASTM D1193-

06, which polishes the final product to a conductivity below 0.1uS/cm. The expected

lifetime of this facility is at least 20 years.

Table 4. Levelized cost of a reverse osmosis unit.

Input parameters

Plant capacity - Output

Cost Clean Electricity

Financial discount rate

Market Inflation

Fixed Cost as % of CAPEX

Output
P00 L UPW/H LCO H20 4.52 USD/M3 UPW H20
Ef:JUSD/MWH 0.0045|USD/L UPW H20
Kg UPW/Kg H2 10([9.3, 10]
LCO H20/H2 0.045|USD/Kg H2

1 Storage and pre-filtering Unit for Sea Water

LCW financial flow

CAPEX 1 175,000 UsD Year Discount Factor Water Water(t) CAPEX I(t) OPEX OPEX OPEX(t) Status
3-day Storage tank (320m3) 75,000 USD (1+FDR)At w3 m3 usD uUsD uUsD inflated USD
Pre filtering Tank 25,000 usD 0 1.000 266,200 266,200 Construction
Brine processing unit 75,000 usD 1 1.120 16,416 14,657 33,985 33,985 30,344 Operation
2 Reverse Osmosis Unit 2 1.254 16,416 13,087 33,985 34,665 27,634 Operation
Salt Content 35,000 ppm 3 1.405 16,416 11,685 33,985 35,358 25,167 Operation
Input water 4,444 L/H 4 1.574 16,416 10,433 33,985 36,065 22,920  Operation
Recovery 45% 5 1.762 16,416 9,315 33,985 36,786 20,874  Operation
Salt Rejection 99.5% 6 1974 16,416 8,317 33,985 37,522 19,010 Operation
Salt accumulated per year 1,276,800 Kg/year 7 2211 16,416 7,426 33,985 38,273 17,313  Operation
Operation time 8,208 H/year 8 2476 16,416 6,630 33,985 39,038 15,767  Operation
Total energy consumption 127,680 KWH/year 9 2773 16,416 5,920 33,985 39,819 14,359  Operation
CAPEX 2 1,500 USD/M*-day 10 3.106 16,416 5,286 33,985 40,615 13,077  Operation
72,000 USD 11 3.479 16,416 4,719 33,985 41,427 11,909  Operation
Variable Cost 3.5 KWH/M? 12 3.896 16,416 4,214 33,985 42,256 10,846  Operation
4,852 USD/Year 13 4.363 16,416 3,762 33,985 43,101 9,878  Operation
3 EDI - Final Polishing to water per ASTM D1193-06(2018) 14 4.887 16,416 3,359 33,985 43,963 8,996 Operation
CAPEX 3 400 Usb/M3-day 15 5.474 16,416 2,999 33,985 44,842 8,193  Operation
19,200 UsD 16 6.130 16,416 2,678 33,985 45,739 7,461  Operation
Total energy consumption 13,133 KWH/year 17 6.866 16,416 2,391 33,985 46,654 6,795 Operation
Variable Cost 0.8 KWH/M? 18 7.690 16,416 2,135 33,985 47,587 6,188  Operation
499 USD/Year 19 8.613 16,416 1,906 33,985 48,539 5,636  Operation
20 9.646 16,416 1,702 33,985 49,510 5,132  Operation
Total Fixed Cost 28,634[UsD/year | SUM 122,618 266,200 287,497

Maintenance & Operation
Media replacement

18,634 USD/year
10,000 USD/year

Total Variable Cost

5,351|USD/year

Total CAPEX 266,200|USD
Total OPEX 33,985|USD/year
Water conductivity <0,1uS/cm |Standard

Environmental Impacts

Specific sea water use

25.1|Kg H20/Kg H2

Specific salt use

1.0[Kg Salt/Kg H2]
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The facility had a prefiltering unit to separate solids, a three-day storage capacity
tank, a brine processing unit to treat the waste, and a submarine pipeline for regularly
returning this brine to the sea. The desalinization is done in the RO unit, which separates
the salt, usually at 35,000 ppm in most coastal areas. To finish the water preparation, a
final polishing is required to ensure that the ultrapure water meets the specifications for
electrolysis. Most designs follow recommendations of ARUP (2022), ASTM Standard
D1193-06 (2018), and consideration of the impact of impurities according to Becker et al.
(2023). The water treatment was designed for a 2,000 1/h plant with enough capacity to
supply a 10 MW electrolyzer. Regarding environmental management, salt is the most
crucial quantity of waste; the impacts were 25.2 liters of seawater treated per Kg of H2
produced. It can be returned to the sea without significant impact, plus some media
filtering that will be trashed in a landfill. The salt can also be used as industrial feedstock
if it is in demand. The operational parameters and outputs are in line with similar research
in the field of UPW for electrolyzers from Saavedra et al. (2021), Jonsson and Méssgard
(2021), and Kim et al. (2019). Ultrapure water treatment is a field of research that gained
momentum due to the energy transition and fast demand for electrolyzers. Current
research in RO facilities is focused on better performance (Melnik & Krysenko, 2019),
optimization of the desalinization equipment (Aridi et al., 2024), and new design of large-

scale UPW supply sources for the energy transition (Simoes et al., 2021).

Levelized Cost of Hydrogen
Table 5 shows the levelized cost analysis of H2 for a 10 MW facility based on
two stacks. These values were calculated over a lifetime of 20 years, included stack

replacement after ten years, and a 2% inflation to adjust the computation to more real
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operational expenses over time. Usually, there is no option of revamping the unit after 20

years, as corrosion levels are high, which makes it a cheaper option to change the unit.

The fixed cost was 7% of CAPEX (maintenance and operation), but this value could

improve with a higher demand for H2 in the future.

Table 5. Levelized cost of H2 produced by a PEM facility.

Input parameters

Plant capacity

Efficiency at Stack

Cost Clean Electricity
Financial discount rate
Market Inflation

Fixed Cost as % of CAPEX

Output

MW all containers

[Lco] 5.11]usD/Kkg H2|

EX] UsD/MWH

1 Stack LCH financial flow
Energy consumption 52 KWH/Kg DC Year Discount Factor Energy Energy(t) CAPEX I(t) OPEX OPEX OPEX(t) Status
Operation time 8,208 Hours/year (1+FDR) M MKg H2 MKg H2 MMUSD MMUSD MMUSD inflated MMUSD
Hydrogen Energy LHV 33.33 KWH/Kg DC 0 1.000 0 14.50 14.50 Construction
Mass of hydrogen output 1,335,621 Kg/year 1 1.120 1,336 1,193 4.17 4.17 3.72 Operation
162.7 Kg/h 2 1.254 1,336 1,065 4.17 4.25 3.39 Operation
CAPEX 1 13,000,000 usD 3 1.405 1,336 951 4.17 434 3.09 Operation
Stack only 1,300 USD/Kw installed 4 1.574 1,336 849 4.17 4.42 2.81 Operation
Variable Cost 3,119,040 UsD/Year 5 1.762 1,336 758 4.17 4.51 2.56 Operation
Total energy consumption 82,080,000 KWH/year 6 1.974 1,336 677 417 4.60 2.33 Operation
Specific VC 2.3 USD/Kg 7 2211 1,336 604 4.17 4.70 212 Operation
2 Dryer and deoxidizer 8 2.476 1,336 539 4.17 4.79 1.93 Operation
Specific energy 0.7 KWH/Kg DC 9 2.773 1,336 482 4.17 4.89 1.76 Operation
CAPEX 2 1,500,000 USD 10 3.106 1,336 430 390 1.26 4.17 4.98 1.60 Operation
Refining unit 150 USD/Kw installed 11 3.479 1,336 384 4.17 5.08 1.46 Operation
Variable Cost 35,528 USD/Year 12 3.896 1,336 343 4.17 5.18 1.33 Operation
Total energy consumption 934,935 KWH/year 13 4.363 1,336 306 4.17 5.29 1.21 Operation
Specific VC 0.03 usD/Kg 14 4.887 1,336 273 4.17 5.39 1.10 Operation
3 Stack retrofitting 3,900,000 USD investment in year 10 15 5.474 1,336 244 4.17 5.50 1.01 Operation
16 6.130 1,336 218 4.17 5.61 0.92 Operation
Total Fixed Cost 1,015,000/uUsD/year 17 6.866 1,336 195 4.17 5.72 0.83 Operation
Total Variable Cost 3,154,568 |uUsD/year 18 7.690 1,336 174 4.17 5.84 0.76 Operation
Total CAPEX (1+2) 14,500,000/usD/year 19 8.613 1,336 155 4.17 5.96 0.69 Operation
CAPEX 3 (Retrofitting) 3,900,000(>80000h 20 9.646 1,336 138 4.17 6.07 0.63 Operation
Total OPEX 4,169,568|USD/year SUM 9,976 15.76 35.27
H2 purity 99.999% dard

Land foot print

0.048|M?/KW installed

The process design included a dryer to ensure a final H2 purity of 99.999 percent

before the delivery manifold. This stage provides the reliable and secure operation of

further processes such as fuel cells or chemistry. The final cost was 5.11 USD/Kg of

hydrogen, which is assumed to be green if the source of electricity is a CO2-free grid.

This made the cost of UPW insignificant compared to H2. The installation time is around

43



one year, as this technology is supplied in containers. The operation time was 8,208
hours/year for a production of 1,335 tons of H2. The operational parameters and outputs
align with most literature research (Reichartz et al., 2024; NREL, 2024; Rami et al.,

2019; Kumar et al., 2022).

Energy Consumption and Operational Cost of the Hydrogen Facility

Figure 12 summarizes the facility's energy production and consumption. The
operation had 10MW power and an overall efficiency of 63.3%, delivering 52.62
GWH/year as gas fuel. The RO and polishing systems consumed less than 0.17% of all

input energy.
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Figure 12. Energy balance of H2 production vs energy consumption.

At the electrolyzer, the O2 separator and dryer consumed less than 1.12% of the
input energy but ensured the quality of the gas for the system. The bulk of energy

consumption happens in the stack, the core of the electrolyzer.
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The value chain of green H2 in Figure 13 confirmed the minor significance of
water in its cost structure, with a final cost of 5.16 USD/Kg of hydrogen delivered to the
pipeline. The cost would be lower if clean water were used instead of seawater. However,

these values do not include hidden environmental externalities.

USD/KG H2

0.045

COSTOFUPW COST OF GASEOUS FULLVALUECHAINCOST
GREEN H2

Figure 13. Value chain of H2 based on levelized cost.

The Business Case for a Green Electrolyzer Project
I first present the financial discount factor or cost of equity that was applied in
this research. This factor should be high enough to make the project attractive and
challenging, but not so low as to make the approval easy without covering the market and
operational risks. Based on this factor, I then built the business model to incorporate
diverse impacts on its sustainability. The context is the U.S. market. Moving to another
economic context would generally mean adding more risk, typically by applying the

Country Risk Premium (CRP).
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The Cost of Equity

Estimating the cost of equity by the CAPM method has three core elements in the
long run: (1) an appropriate risk-free rate that includes the effect of recent recessions,
such as the COVID-19 period; (2) methodological approaches to compute the market risk
premium (e.g., arithmetic or geometric returns); and (3) the selection of representative

energy firms that will represent the players of the energy transition using green hydrogen.

The risk-free rate. Figure 14 shows the evolution of the 10-year US Treasury Securities
since 2015 at constant maturity, with ups and downs according to the dynamics of the
economy and central bank regulation. The effect of COVID-19 separated two periods
with differences in their average values: 2014-2019 as 2.26% and 2020-2024 as 2.64%.
The official value by the end of 2024 was 4.18% (FT Market data, 2024); nevertheless, to
obtain a value representative of the next two decades, an adjustment by a factor of 0.75

3.14%) is more aligned with the behavior of the last ten years.
g
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Figure 14. Market yield on U.S. Treasury securities from 2015-2024.

Note. Source: Federal Reserve Economic Data, 2024.
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The market risk premium. Table 6 shows a detailed summary of the U.S. market since
1928, prepared by Damodaran (2024). It shows most of the American market's
instruments, from corporate stocks to bonds, T-bills, real estate, and gold reserves. The
values presented a difference as high as 1% between analyses based on arithmetic or
geometric returns. The CAPM prefers an instrument representative of the market;
therefore, the S&P 500 is usually the best choice. Using geometric average returns, the
value of the risk premium has been at 10.44% in the last decade (cell shaded in yellow).
The Credit Suisse Global Investment Returns Yearbook 2023 (Credit Suisse, 2023)
infered that investors expect an equity premium (relative to bills) of around 3.5% on a

geometric mean basis and, by implication, an arithmetic mean premium of approximately

5%.

Table 6. The U.S. market risk premium historical return.

Period |S&P500 Stocks |3-month T.Bill |T. Bond 10-y |Baa Corp. Bond |Real Estate Gold
Arithmetic Average Historical Return AAHR
1928-2023 11.66% 3.34% 4.86% 6.95% 4.42% 6.55%
1974-2023 12.54% 4.36% 6.59% 8.82% 5.56% 8.36%
2014-2023 12.98% 1.28% 1.81% 4.71% 7.07% 6.12%
Geometric Average Historical Return GAHR
1928-2023 9.80% 3.30% 4.57% 6.68% 4.23% 4.92%
1974-2023 11.10% 4.30% 6.12% 8.49% 5.40% 6.01%
2014-2023 11.91% 1.27% 1.46% 4.32% 6.99% 5.58%
Risk Premium -AAHR Standard Error
Period Stocks - T.Bills [Stocks - T.Bonds|Stocks - T.Bills |Stocks - T.Bonds
1928-2023 8.32% 6.80% 2.03% 2.14%
1974-2023 8.18% 5.95% 2.45% 2.73%
2014-2023 11.70% 11.17% 4.97% 3.86%
Risk Premium -GAHR
Period Stocks - T.Bills [Stocks - T.Bonds
1928-2023 6.50% 5.23%
1974-2023 6.79% 4.97%
2014-2023 10.63% 10.44%

Note. Damodaran website at NYU, 2024.

47




The CFA Research Foundation (2023) stated that the equity risk premium is not
directly observable and challenging to measure. Still, whatever the risk-free rate happens
to be, stocks tend to generate annual returns that are 3% to 7% higher, depending on the
time horizon. Consequently, I kept the historical geometric average return of 10.44%

based on the S&P 500 to construct the investors' expectations in green H2.

The beta. Figure 15 shows the result of correlating 10 years of the price of the stock of
an energy firm (Exxon-Mobil in this example, with 2,700 daily changes) versus a market
index (S&P 500). The correlation has daily values; the graph contains the correlation

equation with a slope of 0.86, the beta.

S&P500 vs XOM 2015-2024

15.0%

g S&P INDEX
g

%) (10.0%) 10.0% 15.0%

..... - ® y =0.8698x - 0.0002
®,.. 04
v ° ® (10.0%) R? = 0.3098

(15.0%)

Exxon Mobil Stock
Slope = beta = 0.86

Market Index Stock ExxonMobil

Market S&P 500 Company XOM

Start date 31/12/2013 Start date 31/12/2013

End date 27109/2024 End date 27/09/2024

Date Close |DailyCHG| |Date |Close |Da‘|ly CHG |
12/31/13 1848.4 12/31/13 $ 101.20

01/02/14 1832.0 (0.9%) 01/02/14 $ 99.75 (1.4%)
01/03/14 1831.4 (0.0%) 01/03/14 $ 99.51 (0.2%)
01/06/14 1826.8 (0.3%) 01/06/14 $ 99.66 0.2%
01/07/14 1837.9 0.6% 01/07/14 $ 101.07 1.4%
09/26/24 5745.4 0.4% 09/26/24 $ 112.80 (1.7%)
09/27/24 5738.2 (0.1%) 08/27/24 $ 115.82 2.7%

Figure 15. Calculation of beta for XOM stock vs S&P 500.
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The same exercise was done with similar firms such as Valero, Chevron, and
Conoco, whose slopes are averaged together, resulting in 0.857. The final step was
calculating the cost of equity based on the CAPM parameters:

Ke =3.14% + 0.857*(10.4%) = 12.08%

This value (rounded to 12%) is the minimum level of return that an investor
expects as the rate of return to invest in green hydrogen. As our later analysis has no debt
or intermediation of financial institutions, the Ke was equal to the discount factor to be
used in the levelized cost of water, the levelized cost of hydrogen, and the business model
and its scenarios. If the investment is made in a country different from the United States,
additional specific risk must be added. For example, in Peru, using the Country Risk
Premium (2.34% in 2024 according to Moody’s rating Baal in Table 7, cells shaded in

yellow) at the moment of the decision in an executive committee.

Table 7. Global country risk premium.

Rating-based Total Equity Risk Country Risk

Country - | Africa ~| Moody's rating ~| Default Spread - Premium |- Premium |~
Abu Dhabi Middle East Aa2 0.54% 5.32% 0.72%
Albania Eastern Europe & Russia Bl 4.90% 11.18% 6.58%
Andorra (Principality of) |western Europe Baa2 2.07% 7.38% 2.78%
Angola Africa B3 7.08% 14.11% 9.51%
Argentina Central and South Ameri Ca 13.07% 22.15% 17.55%
Armenia Eastern Europe & Russia Ba3 3.92% 9.86% 5.26%
Aruba Caribbean Baa2 2.07% 7.38% 2.78%
Australia Australia & New Zealand Aaa 0.00% 4.60% 0.00%
Austria Western Europe Aal 0.44% 5.18% 0.58%
Azerbaijan Eastern Europe &Russia Bal 2.73% 8.26% 3.66%
Bahamas Caribbean B1 4.90% 11.18% 6.58%
Bahrain Middle East B2 5.99% 12.64% 8.04%
Bangladesh Asia B1 4.90% 11.18% 6.58%
Barbados Caribbean B3 7.08% 14.11% 9.51%
Belarus Eastern Europe & Russia C 17.50% 28.09% 23.49%
Belgium Western Europe Aa3 0.65% 5.48% 0.88%
Belize Central and South Ameri Caa2 9.81% 17.77% 13.17%
Benin Africa B1 4.90% 11.18% 6.58%
Bermuda Caribbean A2 0.92% 5.84% 1.24%
Bolivia Central and South Ameri Caal 8.17% 15.57% 10.97%
Bosnia and Herzegovina [Eastern Europe & Russia B3 7.08% 14.11% 9.51%
Botswana Africa A3 1.31% 6.35% 1.75%
Brazil Central and South Ameri Ba2 3.28% 9.00% 4.40%
Peru Central and South Ameri Baal 1.74% 6.94% 2.34%

Note. Damodaran website at NYU, 2024
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The Business Model for Approval of a Green Hydrogen Project

The base case model was a complete analysis of all the income, expenses,
investments (initial and stack revamping), and fiscal effects, such as depreciation and
taxes, affecting the project's profitability over its lifetime (Table 8).

The analysis was done on a spreadsheet to show the incorporation of economic
flows line by line. Line 1 shows the sales plan adjusted by a ramp-up in the first two
years of production in units of mass and energy; line 2 is the macro-economic adjustment
of all values by inflation to have a realistic analysis in two decades, line 3 is the
breakdown of capital expenditures for the reverse osmosis plant, the hydrogen facility,
and the retrofitting of the stacks, line 4 is the income due to sell of gas at the manifold
after drying and adjusting the purity of the hydrogen, line 5 is the variable cost (mainly
electricity), line 6 is the contribution margin or income minus variable cost, line 7 is the
fixed cost of maintenance and operation, line 8 is the EBITDA or earnings before
interest, taxes, depreciation, and amortization, line 9 is the depreciation of assets based on
their yearly use, line 10 is the EBIT or earnings before interest and taxes, line 11 is taxes
at a rate of 30%, line 12 is the Net Income, line 13 is the residual life which is zero as the
flow is written for all the lifetime of the core equipment in 20 years, line 14 is the
NOPAT or net operating profit after tax which is a financial measure that shows how
well a company performes through its core operations, and line 15 has the output of the
model, its financial indicators. The indicators were the net present value (NPV in USD),
the internal rate of return (IRR), the benefit/cost in present value (USD/USD), or capital
productivity. Additionally, sensitivity tables showed scenarios of the position of the IRR

while varying up to two parameters at a time.
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Table 8. Base case w/o subsidies, climate, and ESG effects.

Assumptions 1. No subsidy

2. Cost of electricity at market condition, no indirect subsidy

3. Discount factor of 12%

(Cash flow in 000°s USD )

1) Sales Plan Year
0 1 2 3 4 5 6 7] 8] 9 10] 11 12 13 14 15 16 17 18 19 20

H2 production Kg/year 0 1,335,621 1,335,621 1335621 1335621 1335621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1335621 1335621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1335621 1,335,621
Ramp-up 75%  95%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%
Total Sales 26,311,740 Kg/20years
Sales Keg/year 0 1,001,716 1,268,840 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621
Energy delivered Tera joules/year 0 142 180 189 189 189 189 189 189 189 189 189 189 189 189 189 189 189 189 189 189
2) Macro economic adjustment for the period of 1] 2] 3[ 4] 5 6] 7] 8[ 9] 10] 1] 12] 13] 14] 15] 16] 17] 18] 19] 20]
US inflation (estimation) 20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  2.0%  20%  20%  20%  20%  20%  20%
Accumulated inflation 102 104 106 108 110 113 115 117 120 122 124 127 129 132 135 137 140 143 146 149
3) Total CAPEX 18,666,200 USD [ o] 1] B 3 q] 5] o] 7] 8] 9] 10] 1] 17 13] 14] 15] 16] 17] 18] 19] 20|
RO+UPW-Electrolyzer +D UsD 14,766 3,900
Stack Refurbishment 3,900,000 (VN
4) Income (no tax incl.) USD/year 0 5124 6620 7,108 7250 7,395 7,543 7694 7848 8005 8165 8328 8495 8665 8838 9015 9195 9379 9567 9,758 9,953
Price to customer USD/Kg
5) Variable Cost USD/year 0 2417 3,123 3353 3420 3489 3559 3630 3702 3776 3,852 3929 4,008 4088 4169 4253 4338 4425 4513 4,603 4,695
Electricity USD/MWH
RO+UPW 140,813 KWH/M? 41 53 57 58 59 6.0 6.1 63 6.4 6.5 6.7 6.8 6.9 71 72 73 75 76 78 8.0
Electrolyzer+dryer 83,014,935 KWH/year 2413 3,118 3348 3415 3483 3553 3624 3,696 3,770 3,845 3922 4001 4081 4162 4246 4331 4417 4505 4596 4,688
6) Contribution Margin USD/year 0 2707 3497 3755 3,830 3907 3985 4064 4146 4229 4313 4399 4,487 4577 4669 4762 4857 4954 5054 5155 5258
7) Fixed Cost USD/year 0 1065 108 1108 1130 1152 1175 1199 1223 1247 1272 1298 1324 1350 1377 1,405 1433 1461 1491 1520 1551
RO+UPW 0 29 30 30 31 32 32 33 34 34 35 36 36 37 38 39 39 40 41 22 43
Electrolyzer+dryer 0 1035 105 1077 1,099 1121 1143 1166 1189 1213 1237 1262 1287 1313 1339 1366 1393 1421 1450 1479 1508
8) EBITDA - CF before taxes USD/year 0 1642 2411 2647 2700 2754 2809 2866 2923 2981 3041 3,102 3,164 3227 3292 3357 3425 3493 3563 3,634 3,707
9) Depretiation (by yearly use) USD/year 0 562 712 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750
10) EBIT 0 1080 1699 1,88 1951 2005 2060 2116 2173 2232 2291 2352 2414 2478 2542 2608 2675 2,744 2813 2885 2,957
11) Taxes 0 324 510 569 585 601 618 635 652 670 687 706" 724 743 763 782 803 823 844 865 887
12) Net Income 0 756 1190 1328 1366 1,403 1,442 1481 1521 1562 1604 1647 1690 1734 1779 1826 1873 1920 1969 2,019 2,070
13) Residual life 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14) Net Operating Profit afterTax  USD -14766 1318 1902 2,078 2,115 2,153 2191 2231 2271 2312 -1546 2,396 2,440 2,48 2529 2575 2622 2670 2719 2769 2,820
15) Financial Indicators Discount Factor

NPV 0 USD

IRR 12.0%

B/C 0.0 USD/USD
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Setting the model without subsidies for a 10MW facility. The base case model_illustrated a
case where the IRR was at the same level as the discount factor or expectation of 12%,
with an NPV=0 (Table 8). This scenario helped to build and understand the effect of
initial direct subsidies to capital expenditure or changes in the cost of renewable
electricity (pink or green). This case has no positive or negative outcome and needs other
economic flows to be attractive and gain approval at the board level. H2 projects are not
highly profitable and require careful analysis, beyond an LCE.

From these initial conditions, a sensitivity analysis was performed to understand
the behavior of IRR concerning changes in two inputs (CAPEX and H2 price) (Table 9).
CAPEX subsidy moved in a range base case +0%/-50% versus the price of H2, pivoting
from 5.0 USD/Kg in a range of +15%/-15%. The model only supported a price reduction
of H2 beyond 15% if a subsidy was over 40% for all the CAPEX (Table 9, cells shaded
in light blue).

The effect of the cost of electricity, pivoting around 38 USD/MWH, told a
different story. If the cost of electricity started reducing by over 10%, without subsidy,
the IRR was over the Ke (Table 9, cells shaded in green). This situation is unlikely to
happen as it depends on the supplier's competitiveness or market conditions. Only power
from nuclear reactors, which are price takers in nature, could reach lower values than
other renewable sources, but their supply is limited worldwide. A situation with subsidies
and low cost of electricity due to indirect subsidies upstream could lead to perverse
incentives (Table 9, cells shaded in purple). Consequently, a subsidy was needed to
improve hydrogen's competitiveness versus fossil fuels. This situation will change as RE

continues to enhance its performance in the coming decade.
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Table 9. IRR sensitivity in the base case.

IRR CAPEX -Subsidy vs price of Hydrogen
CAPEX USD (Subsidy)

0% -10% -20% -30% -40% -50%

18,666,200 16,799,580 14,532,560 13066340 111589720 9333100
15% 5.8 17.5% 19.6% 22.1% 25.3% 29.4% 34.8%
10% 5.5 15.7% 17.7% 20.1% 23.0% 26.8% 31.9%
Price 5% 5.3 13.9% 15.8% 18.0% 20.7% 24.2% 28.9%
H2 0% 5.0 12.0% 13.7% 15.8% 18.3% 21.57% 25.9%
UsD/Keg -5% 4.8 10.0% 11.6% 13.5% 15.9% 18.8% 22.7%
-10% 4.5 7.8% 9.3% 11.1% 13.2% 15.9% 19.5%
-15% 4.3 5.5% 6.9% 8.5% 10.4% 12.9% 16.0%

IRR CAPEX subsidy vs Cost of Renewable Electricity
CAPEX USD (Subsidy)

0% -10% -20% -30% -40% -50%

18,666,200 16,799,580 14532560 13,066,340 11,199,720 5333100
108 41.80 10.1% 11.7% 13.7% 16.0% 19.0% 22.9%
Cost of 5% 39.50 11.1% 12.7% 14.7% 17.2% 20.3% 24.4%
Electricity 0% 38.00 12.0% 13.7% 15.8% 18.3% 21.6% 25.9%
UsSD/MWH -10% 34.20 13.8% 15.7% 17.9% 20.6% 24.1% 2B.7%
-20% 30.40 15.5% 17.5% 19.9% 22.8% 26.5% 31.6%
-30% 26.60 17.2% 19.3% 21.8% 24.9% 28.9% 34.4%
-40% 22.80 18.8% 21.0% 23.7% 27.0% 31.3% 37.1%
-50% 19.00 20.4% 22.7% 25.5% 29.1% 33.6% 39.8%

A scenario with subsidies and the effect of the pivotal price. Figure 16 explains the
competitiveness of H2 versus fossil fuels at ex-works conditions, comparing energy for
delivery in a tank in a refinery for the case of diesel oil and the gaseous H2 in a manifold
of dry gas before compression to a customer, ready for use. However, the comparison
after production is an essential indicator of how the price of H2 should pivot to increase
its market penetration. Figure 16 shows ex-work conditions surveyed by EIA (2024) in
September, with a breakdown of the retail price of a gallon of diesel oil at USD 3.56.
Considering only the crude oil and refining processes, they represented 51% of the total
price or 0.058 USD/KWH on an energy basis. Similarly, the green H2 facility cost 0.13

USD/KWH on an energy basis before the pipeline or ex-work conditions.
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Comparative analysis of Oil products & Hydrogen Ex Works What we pay for In a gallon of:

Diesel Oil ) ,
Cost of Diesel Oil at Gas Station 3.56|UsD/Gal Py e 2024
48% cost of il 1.71|USD/Gal Retail price: $3.21/gallon Retail price: $3.56/gallon
13% cost of refining 0.46|UsD/Gal
Cost of Diesel Ex Works 2.17|UsSD/Gal —_—
Heating value of Diesel 43,000|Kj/Kg Distribution
__ _&Marketing_ """

Cost of energy Ex Works 135,087|K)/Gal
Cost of energy Ex Works 1.6076E-05|USD/K] Refining

0.058|USD/KWH
Green Hydrogen after Electrolysis Crude Oil
1Kg gaseous H2 394(KWH/Kg [ (]
Cost before pipeline 5.11|USD/Kg
Energy cost 0.130| USD/KWH

I
Cost factor to make H2 EDmpEﬁtiVEX times reduction €13 Data Source: U.S. Energy Information Administration, Gasolines and Diesel Fuel update

Figure 16. Comparison of green H2 vs oil products.

Note. Adapted from IEA, 2024.

Comparing both values, H2 was 2.2 times more expensive than diesel, so cutting
the cost of hydrogen by 50% in the medium run was mandatory to compete against a
fossil fuel alternative. This cost cut is not possible today. The best effort to surpass the Ke
was a scenario of 4.1 USD/Kg and 50% direct subsidy on all assets, as shown in Table 21
(Appendix 1), as the baseline case that will receive additional economic impacts. The
final consumer might want to pay this price due to its environmental advantages and
market novelty introduction. However, a robust market transformation requires a clear
competitive advantage in terms of cost and product level of service.

Today, most projects are developed with some level of subsidy, which is the only
way to ensure a business case with a positive NPV. This scenario did not include carbon
pricing, which is uncommon in hydrogen projects; however, it is included in the

following scenario below. In this example, the NPV was USD 396,196, and the IRR was

54



12.78%, slightly above the target expectation (Figure 16). Carbon pricing is expected to
be available in most economies due to the Paris Agreement or private market
mechanisms, which made it reasonable to consider it as part of future scenarios. Another
factor that strongly influenced the decision is the cost of equity.

Figure 17 highlights the impact of properly selecting the Ke. The sensitivity is
shown for diverse rates and significantly changes the risk perspective. For example, if the
rate is reduced to 10%, the profitability rises to USD 1,592,357, assuming a higher risk.
The duty of care business principle demands that the approval committee use a solid
model such as CAPM to set the value at 12% and use a sensitivity analysis to see
potential effects if the market evolves favorably or unfavorably during the asset’s lifetime

(NACD, 2015).
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7,400,000
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wy
L
£ 3,400,000
2 NPV 1,592,357 USD
© @ 10% discount factor
& 1,400,000 I
=

[ |

600,000 o, 205 4% 6% 8% 10% 12% 14% 16% 18%  20%

NPV 396,196 USD
-2,600,000 @ 12% discount factor

Discount rate

Figure 17. Project NPV at different discount rates.

Incorporating carbon pricing and H2 leakages. This scenario was improved by

integrating climate financing. It means an additional cash flow or revenues due to the

55



benefit to the atmosphere of reducing carbon. The baseline or emissions typically come
from the transportation sector or industrial heating. Decarbonization comes from using
hydrogen in fuel cells or directly burning it. Climate financing is well defined by IPCC
technical factors. Under a tier-1 approach with default values for diesel (74,100 Kg
CO2/Tj), an additional line of positive flow due to carbon pricing was incorporated into
the model, as shown in Table 22 in Appendix 1. The carbon accounting generated an
average income of 170,000 USD/year, representing almost 20% of the average net yearly
income. This flow of additional revenues is significant in this model. It could be even
greater as the initial carbon price was 10 USD/tCO2, which should increase until 2050
under the Paris Agreement and global pressure to stop climate change.

To complete the climate analysis, there is a potential negative source of carbon
emissions due to the operation and transportation of hydrogen. H2 leakage from the
facility and the pipeline to final customers is possible. The fundamental question is how
much H2 could leak out of the system. Safety is a primary concern of design. There is a
history of more than 40 years using industrial hydrogen; the next level of H2
infrastructure brings to the discussion the safety of large systems and long pipelines
similar to natural gas for a highly flammable product with tiny molecules that create
corrosion conditions in welding pipelines and sealings. The standards and research on
hydrogen safety are more intense on this topic, as explained by Liu et al. (2023) and the
admissible maximum leak project of the European Commission (2023) for H2 installation
in this decade. For this project model, a containerized electrolyzer, safety measures were

OTM

assumed to include capsules of gas FM200 " under NFPA recommendations, a

maintenance plan, and electronic gas detectors (maximum leakage at ten ppm for 0.5 m
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distance from the source). Hydrogen is lighter than air and ignites more quickly and at

higher concentrations than gasoline vapor or natural gas, as shown in Table 10.

Table 10. Explosion limits of diverse fuels.

Hydrogen | Gasoline Vapor| Natural Gas

Flammability 4-74% 1.4-7.6% 5.3-15%
Limits (in air)

Explosion Limits  18.3-59.0% 1.1-3.3% 5.7-14%
(in air)

Ignition Energy 0.02 0.20 0.29
(mlJ)

Flame Temp. 2045 2197 1875
in air (°C)

Stoichiometric
Mixture (most 29% 2% 9%
easily ignited in air)

Note. Source: Olffice of Energy Efficiency and Renewable Energy, 2024

To make the analysis critical, I simulated the potential leakage at 2.5%, which is a
very high value compared with natural gas leaks registered by the American Petroleum
Institute or the National Fire Protection Association (NFPA Hydrogen Technologies
Code 2, 2023). After setting a potential leakage, the next step was to define an emission
factor for hydrogen released into the atmosphere. The climate change effect of H2 in the
atmosphere is a matter of intense research as more systems are deployed; the latest IPCC
Sixth Assessment Report Global Warming Potentials (2022) has no official value for its
global warming potential. Increases in hydrogen generally result in increases in methane,
tropospheric ozone, and stratospheric water vapor, resulting in a positive radiative
forcing.

However, some of the impacts of hydrogen leakage are partially offset by

potential reductions in emissions of methane, carbon monoxide, nitrogen oxides, and
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volatile organic compounds from the consumption of fossil fuels. Most literature concurs
on a GWP (global warming potential) of 12+/-6 compared to CO2 and an impact of up to
4% of the total CO2e emission reductions (Warwick et al., 2023).

To understand the effect on the project's economics, a general assumption of 2.5%
leakage on a mass basis was made, which is very high but covers most uncertainties. The
potential leakages were in the stack, reforming of gas, pipelines, and manifold, which
have the proper economic resources for maintenance and operation. This critical scenario
assumed a value of 10 USD/tCO2e, the same as the reductions generated downstream
(model values in yellow). Table 11 shows the sensitivity of various combinations of

GWP and carbon pricing on project IRR.

Table 11. GWP and carbon price effect on IRR.

IRR Carbon pricing versus GWP H2 leaks

Carbon Pricing USD/tC02eq - increment
0% 50% 100% 200% 300% 400%
10 15 20 30 40 50

30.00 14.23% 14.94% 15.63% 17.00% 18.33% 19.64%
20.00 14.26% 14.99% 15.70% 17.10% 18.47% 19.80%
GWP 16.00 14.28% 15.01% 15.73% 17.14% 18.52% 19.87%
Atmospheric 14.00 14.29% 15.02% 15.75% 17.16% 18.55% 19.90%
H2 damage 12.00 14.29% 15.03% 15.76% 17.18% 18.57% 19.93%
10.00 14.30% 15.04% 15.77% 17.21% 18.60% 19.97%
8.00 14.31% 15.05% 15.79% 17.23% 18.63% 20.00%

A broad range of GWP values (from 8x up to 30x compared to CO2¢) was added
to the cash flow line 4 after setting a leakage of 2.5% of all H2 production (Table 11).
This range covers the most current values about the 20-year and 100-year GWP studied
by Sun et al. (2022), Lakshmanan & Bathi (2024), and Warwick et al. (2023). Therefore,

observing the project IRR relative to carbon pricing and H2 leaks was possible. The
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sensitivity analysis confirmed the significant impact of carbon pricing and the minor
leakage effect, even at exaggerated rates of 2.5% and a GWP of 30.

Considering sustainable practices, the project developer will be concerned about
safety, and the leakages will be smaller; thus, proper maintenance and supervision should
keep this situation under control during the lifetime of the H2 facility and the pipelines
(not less than 20 years).

Figure 18 shows a recent study developed by researchers from the Environmental
Defense Fund and the University of Arizona confirming the net positive effects of H2,

superior to the damage of leakage in 10-100-year scenarios.
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Figure 18. Climate impacts of eight H2 pathways relative to fossil fuel use.

Note. Near-term (NT, 20 years), long-term (LT, 100 years), H2 emissions [1,10] %, for
green and blue hydrogen production (Sun et al., 2024)
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Consequently, a general conclusion is that the addition of revenues from carbon
pricing is always positive for the business case, and it should be considered if the local

regulation or international mechanism allows it.

Incorporating social and other environmental impacts. Table 23 in Appendix 1 shows a
scenario incorporating social and other environmental impacts rather than climate change.
There is limited research about these impacts from local environmental agencies, energy
agencies, or social development ministries. In the case of an onshore H2 facility that has
continuous treatment of seawater, returning of salt, and delivery of gas to a pipeline for
consumption, the realization of social risk will depend on the context represented by
communities (e.g., fishermen), compliance of local regulation and communications plans
to society as this energy source is novel and attracts diverse stakeholders (Romero et al.,
2019).

The social risk can be understood as the disruption of the operation. Social
tensions could worsen if the population surrounding the operation sees it as a wealthy
extractive process. For example, if fresh water is used to reduce investment and increase
efficiency, surrounding communities may protest the diversion of water primarily used
for human consumption and agriculture. The extractive industries, such as mining, oil,
and gas, have a long history of conflicts that ended in compensation requests for the
community and adverse outcomes such as the closure of the operation. Directly
estimating the financial cost of social conflict is complex and highly dependent on the

local context. As an alternative, one possible proxy to capture the magnitude of social
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impact was the expected downtime of all the days available for production, starting at
0.5% per year.

Additional externalities due to environmental concerns could arise in the form of
fines. The magnitude of these fines will depend on the information's transparency and the
level of development of the regulation, which will need scientific support for the fine and
a methodology for computing the damage in economic units. On the other hand, there is a
need for an environmental information disclosure (EID) from the operators that could be
as sophisticated and subjective as a life cycle assessment of the manufacturing of
equipment, climate and air quality effects at the atmosphere, or alarming impacts on the
ecosystems due to use of natural resources such as freshwater. Hydrogen producers must
deal with the information asymmetry in their sector to avoid any wrong perception of
their role in the energy transition (Ding et al., 2019).

In the following analysis, additional environmental externalities were included,
such as a general fine in USD/Kg of H2 produced (starting at 0.1) to estimate the
progressive effects on the business case and combine them with the social effects. The
high variation made it challenging to estimate a single number, so a sensitivity analysis
was developed to reach a maximum value that makes the project rejected out of the
expected return.

Assuming significant social and environmental pressure on a business in its
infancy and subject to low profitability while still finding its competitive advantage
against fossil fuels could seriously damage the perspective of green hydrogen. In the
scenario, the social and environmental impacts were added after the positive addition of

carbon revenues; an average loss of production at 0.5% of all workdays represents
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197,312 USD/year of lost sales and financial effects on the depreciation. If, additionally,
the facility received fines due to environmental impacts on clean freshwater bodies or
poor management of salt residues, which for this example were valued at 0.1 USD/Kg of
H2, the accumulated yearly value in fines and lost revenue was 1,110,945 USD and can
reduce the IRR to 12.51%, close to Ke and potential rejection.

Effects of environmental and social externalities can be observed in the cells
shaded in orange in the sensitivity analysis in Table 12, indicating where the business
case was impossible and should be rejected, or countermeasures should be placed.

Green Hydrogen is not a heavy industrial pollutant, and most of its environmental
impacts are global in nature, especially from an LCA perspective (e.g., H2 leakage and
materials for manufacturing stacks). The only local potential impacts are limited to the
type of freshwater feedstock for electrolysis and the management process of the waste
salt if seawater RO is used. From the cost scheme of H2, as the value of UPW is not

significant, it makes sense to use seawater and avoid conflict with local communities.

Table 12. Sensitivity analysis of E-S externalities.

IRR Social Impacts (downtime of operations in %/year)
0.00 0.005
Environmental 0.25
Impacts 0.20
USD/Kg H2 0.15| 12.06%
0.10| 12.82% 12.51%
0.00 | 14.31% 14.00%
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Measuring the ESG Level of a Hydrogen Facility - Trends to 2050
This section starts with an analysis of the primary LCA of the RO and PEM

Hydrogen facility. It includes an exercise of global impacts based on the potential
substitution of fossil fuels. There is public information on global energy consumption to
estimate the impacts in 2024 and forecast them until 2050, at the climate net-zero target
sponsored by the United Nations. Based on this analysis and the previous risks I assessed
in chapters I and II, an ESG framework exclusive for this type of facility was proposed,
including an exercise with a tool to evaluate the level of ESG risk of different
technological options, which is the dilemma that most H2 project developers will face in

the future.

Life Cycle Assessment of H2 Facilities

Based on the operational parameters of the levelized cost of the RO plant and the
PEM electrolyzers, it was possible to determine the LCA factors for the construction
stage, the operation over 20 years, and the disposal of assets at the end of life. Even
though RO technology is mature and has been on the market for many decades,
generalizing the LCA was challenging as there were more than a hundred suppliers,
mostly located in Asia, with different configurations. The main impact issues of this
technology are the residual salt, the energy consumption, the membranes, and the
processed water; the disposal after 20 years usually includes all the equipment as the
whole unit operates with high levels of dissolved salts, particularly chlorides, which are
highly corrosive. The treated water produces around 25 kilograms per kilogram of H2,
which is frequently returned to the sea with the brine using a submarine line. The LCA of

PEM electrolyzers was a different story as it has a longer manufacturing supply chain; the
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fabrication of a stack is intense in materials and energy, requiring steel, titanium, and
precious metals as catalyzers to support the corrosive conditions at the stack, which
means intensive global mining and impacts on soil. There were indirect effects from the
renewable energy used in the electrolysis, with a wide range of options such as individual
or mixed energy sources, such as nuclear, wind, solar, hydropower, or geothermal, with
their own LCA story. In both types of equipment, the RO and stack, the end of life is
similar: scraped and disposed of for recycling in a steel mill or with some recovery of the
precious metals. This last point is frequently stipulated in the contracts for overhauling or
replacing the stack after its lifetime.

The use of hydrogen in transportation replacing diesel or later production of
ammonia to replace maritime bunkers makes possible a rebound effect as a systemic
response after oil products are replaced by hydrogen, generating an excess of oil in those
markets and a drop in prices where there is little incentive (economic or policy) to
transition to cleaner energies (Ozsoy, 2023; Gillingham et al., 2015). It is too early to
confirm if this situation will happen before 2050, but if so, the rebound could lead to
cheaper oil and generate some stream of CO2 emissions. Table 13 compiles a literature
review of recent research on the LCA of RO on dual systems using fossil fuels and
renewable energy and the LCA of PEM electrolyzers. The table reports parameters that
can be easily estimated for a hypothetical plant by scaling all quantities by the power
rating, energy consumption, water consumption, and hydrogen production of a given
plant. Human toxicity and eutrophication data were not included as they require special

measuring procedures or LCA software estimation.
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Table 13. Summary of LCA for a 10 MW hydrogen facility.

Construction End of Life
RO#Polishing Unit RO+Polishing Unit RO+Polishing Unit
Stainless Seel 1,411 Kg/0.02 MW Unit Lifetime water treated 729,527 t/20 years Full scrapping
FiberGass 157 Kg/0.02 MW Unit Water use 25.1 Kg sea water/Kg H2
Mild Steel 7,417 Kg/0.02 MW Unit Sea Salt retired/returned 1.0 kgsalt’/kg H2
Secific energyat RO 3.5 KWH/m3
Secific energy at Polishing 0.8 KWH/m3
GHGemissions from operatiol 0.0 KgOO2/Kg water
SARO membrane 1.36 gm3
BWRO membrane 0.30 gm3
Hectrolyzer Hectrolyzer Hectrolyzer
Titanium 3,987 Kg/ 10 MWfacility Hydrogen production 25,510 t/20 years Some recovery of precius metals
Patinum 0.752 Kg/ 10 MW facility Specific energy at stack 52 KWH/Kg H2 Scrapping
Iridium 9.86 Kg/ 10 MWfacility Secific energy at dryer 0.7 KWH/KgH3 Same concrete slabs and warehouse
Stainless Seel 624.8 Kg/ 10 MWfacility Water demand UPW 9.5 KgH2/Kg H2 could be reused for next facility
Mild Seel 14,835 Kg/10 MW acility Q02 emission reduction 210,568 t002/20 years
Copper 68.24 Kg/ 10 MWfacility (substitution of fossil fuels) 8.25 Kg QO2/KgH2
Activated Carbon 0.96 Kg/10 MWfacility Max. QO2eq - leakage 5,102 t002/20 years
Nafion 121 Kg/ 10 MWfacility 0.2 Kg 002eq/KgH2
Avoided PM25 13.2 t PM25/20 years
Avoided SO2 18.4 gr SO2/KgH2

Note. Adapted from Fayyaz et al. (2022), Aljuwaisseri et al. (2022), Ajeeb et al. (2024),
Shaya et al. (2024), Krishnan et al. (2024), Osman et al. (2024), and Gerhardt-Morsdorf
(2023).

Forecasting the impacts to 2050. To understand the global costs and benefits of H2
facilities, a forecast for 2030 and 2050 was built with some assumptions to simplify the
analysis of the future impacts on the global energy system. The central assumption in this
estimation was that the transformation would occur only in the OECD countries due to
their policies, citizens' climate concerns, financial capability, and political will. Figure 19
shows the trajectory of fossil fuel consumption (converted into energy units of TWH) for
both groups, with a clear downward slope in OECD countries in the early 2000s. The
information on oil products was taken from the Energy Institute (EI, 2024) and included
the consumption of residential, industrial (including chemistry), and transportation
sectors. Most experts anticipate a peak of oil before 2050 in OECD countries (IEA,
2022); by now, the transformation pace is steady, following a soft parabolic path per the

fitted equation shown in Figure 19 (dotted curve in orange).
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Figure 19. Fossil fuels global consumption 1978-2023.

Note. Adapted from IEA (2024) and IE (2024).

My analysis started with an assumption of 10% replacement of fossil fuels,
independently of the mix of use. The data from 1978 to 2023 allowed forecasting yearly
energy amounts until 2030. These data were processed using the functions Auto Arima
and Library Forecast. The auto function ran all possible models and proposed ARIMA
(0,2,1), oriented to Integrated Moving Averages (IMAs) with an Akaike’s Information
Criterion (AIC) of 920.83, which was the lowest of all the options. The time series is
plotted in Figure 24 in Appendix 2, with the data in Table 24 of Appendix 2.

A value of 24,048 TWH of oil displaced by H2 is possible in 2030, transformed
into yearly environmental benefits and damages in Table 14. To understand the
significance of these outputs, the 508 MMtCO?2 avoided emissions were compared with

the current global emissions (Global Carbon Budget, 2024) of 37,400 MMtCO2e from
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fossil fuels; this represents 1.36% of the global emissions, equivalent to the yearly
emissions of medium-sized countries in Latin America such as Peru and Colombia (Our
World in data, 2024).

The water employed to produce hydrogen was compared with the U.S. average
consumption of 578 liters per day (FAO, 2024), representing the equivalent consumption
of 2.7 billion people with similar standards in one day. The 10% replacement looks
modest for the climate fight, and water use does not represent a risk for human

consumption availability.

Table 14. Environmental impacts of fossil fuel replacement in 2030.

Demand of energy from OECD countries

Amount of Energy by 2030 24,048/ TWH
Equivalence to Hydrogen 610,510,282t Hydrogen
Scenario @10%replacement

61,051,028 t H2/ year
Environmental Impacts per year

Water consumption 1,532|MM M® sea water
Kgof salt handled 61,051 MM Kg salt

Q02 emissions reductions 504{MMtQO2

Q02e |eakage 12.2|MMtCO2
Cooper metal needs 3119\t cooper
Titanium metal needs 182,245t titanium
Iridium metal needs 451|tiridium

Nafion needs 44|t Nafion

Mild Seel 678,106(t mild steel
Avoided PM25 603,370(t PM2.5

A deeper analysis of the current and future production of CO2-free hydrogen
revealed a path that could confirm its role during the energy transition. Figure 20 shows
the demand for H2 was approximately 97 Mt in 2023 for chemical applications and oil

refining; an analysis of future emissions reductions was extracted from this graph.
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Figure 20. H2 demand by sector 2019-2030.
Note. Source: IEA Global Hydrogen Review 2024.

The GHG emissions of hydrogen from natural gas are 10-12 kg CO2e/kg H2, with
the range coming from the difference in upstream and midstream GHG emissions (IEA
Global Hydrogen Review, 2024; Patel et al., 2023). Emissions from hydrogen production
from coal are higher, at 22-26 kg CO2e/kg H2. Two-thirds of the global production is
based on natural gas, and most estimations of emissions to the atmosphere are 920
MtCO2e. This means 2.45% of the anthropogenic fossil emissions will mostly change in
the next decades. To this value, we must add the potential replacement of fuels in
transportation and industry at 1.36% for each 10% of energy consumption in OECD
countries.

Applications such as PtX and H2 for iron ores in the steel industry and changes in
non-OECD countries might raise this value over two digits, giving CO2-free hydrogen a

significant role during the energy transition.
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To check the vision for 2050, a more sophisticated forecasting model must
include the effects of population, human development, and technological shocks. The
IEA's latest report on World Energy Outlook used the model STEPS (IEA, 2024), which
is suitable for long-run scenarios. The scenario monitored and discussed by most
international experts and governments forecasts a value of 46,611 TWH of oil products
demand as feasible for all OECD and non-OECD countries by the middle of the century;
this is shown in Figure 21 (1 EJ = 227.8 TWH). If 20% of this value is substituted by

green hydrogen, the level of reduction from the 2024 carbon budget could be as high as

5.4%.
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STEPS, a scenario based on current policy settings, sees clean energy poised for huge
growth, while coal, oil and natural gas each reach a peak by 2030 and then start to decline

Notes: EJ = exajoules; STEPS = Stated Policies Scenario; APS = Announced Pledges Scenario; NZE = Net Zero
Emissions by 2050 Scenario. Qil, coal and natural gas refer to unabated uses as well as non-energy use. Clean
energy includes renewables, modern bioenergy, nuclear, abated fossil fuels, low-emissions hydrogen and
hydrogen-based fuels. Other includes traditional use of biomass and non-renewable waste.

Figure 21. STEPS model 2050.

Note. Source:IEA World Energy Outlook 2024.

Water and CO2 emissions are the most significant effects of the fuel switch to

hydrogen, followed by the effect on PM25 reductions in the air (2.439 MM tPM2.5) and
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a high demand for titanium (736,788 t) to manufacture the stacks. The STEPS model
showed the continuity of the green energy revolution with some degree of acceleration
after 2030, plus peaks in oil and coal consumption and stable use of natural gas. These
reasonable assumptions supported the continuous positive impact of green H2 for the

environment until 2050.

An ESG Framework for a Hydrogen Facility

Preparing an ESG framework to evaluate any hydrogen project requires at least
three core elements: first, a list of project metrics and their relation to the official UN
SDGs (2024); second, a definition of metrics and their MRV (Monitoring-Reporting-
Verification); and finally, identification of the best sustainable practices and the best
policy practices to create a benchmark for evaluating a specific project and to promote
sustainable investments in any markets. Even though H2 is a clean energy source with the
potential to positively impact climate, the current, limited literature does not scrutinize
the correlation between the future hydrogen economy and the UN Development Goals
(Falcone et al., 2021); most gaps in information about its sustainability are located
upstream for the manufacturing and extraction of raw materials to fabricate the
electrolyzers and ROs.

Figure 22 shows an exercise of the 17 UN SDGs for green H2 and marks seven
green goals directly impacted by the benefits of switching from oil products to H2. The
impacts on sustainability were not limited to SDG 7 or clean energy but also to better air
quality, creating new industrial processes, making cities more sustainable, reducing
impacts in transportation and heating, mitigating climate change, and developing green

supply chains.
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Symbol UN SDGs

Level

Impact

Indicator

1 No Poverty
2 Zero Hunger
3 Good Health and Well-

being
4 Quality Education

5 Gender Equality

6 Clean Water and

Sanitation
7 Affordable and Clean

- Enerov
§ 8 Decent Work and

Economic Growth
9 Industry, Innovation and
Infraestructure
10 Reduced Inequalities

=ifeilail:

&0

&

11 Sustainable Cities and
communities
"~ 12 Responsaible
Consumntion &
13 Climate Action

1= s17] 0 7 8ii

n=

14 Life Below Water

15 Life on land

=
H
]

Institutions

&

4 16 Peace, Justice and Strong

17 Partnership for the Goals

Medium
Low
High
Low
Low
Medium
High
Medium
High
Low
High
High
High
Low
Low
Low

High

Creates direct jobs and maintenance services

No of jobs inthe
operation and external

Limiting GHG in the tropopause reduces climate physical risk, and reducing the ppm of Emissions reductions

air pollutant type PM10 and PM25 improves air quality produced by fuel
Liters of water

Reduces water usage attributed to fossil fuel production and processing avoided/Kg H2

Contributes to the energy transition, energy matrix diversification, and Paris

agreement goals Tj of clean energy/year

Open opportunities to clean transportation, storage and advanced chemistryinnew  Kg H2 derived to other

businesses sectors

Technology transfer, less dependence on finite natural resources, opportunities to Kg H2 derived to other

combine with carban capture and storage to make methanol, praduction of ammonia  sectors

Preserves air quality, limits sulfur as aerosol and generates a clean combustible gas ~ PM10/PM25 retired

for cooking and heating houses from the lower

Renewable energy resource for future generations, impacting energy, transport and
industry

Tj of clean energy/year

Mitigates Climate Change tCO2 avoided per year

Kg H2 derived to other
If used in maritime shipping, it willimpact pollution on sea surface sectors
Opportunity for the creation of new green supply chains based on cleanenergyand  Kg H2 derived to other
industrial conglomerates to scale-up the use of hydrogen sectors

Figure 22. Hydrogen facilities' primary impacts on sustainability.

Note: Adapted from UN Development Goals

ESG measurement involves a wide range of concepts related to sustainability, but

there are limited regulatory frameworks to identify the key parameters and monitor them

from the perspective of a responsible investor who wants an organization with a

sustainable approach to hydrogen use. The OECD (2022) has issued some ESG ratings

for industrial sectors, and Sica et al. (2022) conducted research about the taxonomy and

ratings, but there is a gap in specific ratings for green hydrogen. Table 15 summarizes the

results from the LCA and previous discussions of social impacts to develop a list of

salient environmental, social, and governance issues, an associated metric, and a
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corresponding monitoring procedure. This table constitutes an exercise of an ESG

framework specific to H2 production.

Table 15. ESG at the construction and operational level for H2 facilities

(A) Environmental

Control parameter/action

Monitoring procedure

Sea Water used
UPW used
Brine diluted at the sea at

Brine transformed in
Fresh Water ecotoxicity at
Plant efficiency

Emissions reduced

H2 leakage at the
Negative impact of H2
Particulate matter retired
Human Toxicity

Resource depletion
Acidification of Biosphere

Ratio of water rejection at RO unit

Ratio of UPW per KgH2

% of salt recovered

Kg of salt returned to the ocean

% of salt delivered to another industrial process
CTUe (Comparative toxic unit equivalent)

KWH of electricity used/Kg of H2 delivered
KWH o electricity/M3 of UPW delivered to electrolisis
Kg CO2eq/year

KgH2 losses/year

Kg H2 leakage* GWP-100yr H2/year

Kg PM25 eqfyear

CTUh {Comparative toxic unit in humans)

Oil equivalent/Kg of H2 delivered to market
Sulphur equivalent from retired oil products

Flowmeter
Flowmeter
Weighing device
Weighing device
Weighing device
CTUe

Energy Balance
Energy Balance
Energy Balance
Energy Balance

Energy Balance

Energy Balance

CTUR

Energy Balance

Energy Balance/versus Diesel Oil

(B) Social

Control parameter/action

Monitoring procedure

Ensure accountability,
Ensure workers health &
Ensure butfering area and
Materials Efficiency
Materials sourcing -

Land foot print

Frequent Sustainability Disclosure in a report (e.g., GRI)
Policy and management system in place

Monthly review to assess buffering and procedures in place

Kg consumed/KW installed of electrolyzer

Manufacturing with proper labor standards using international certifications

m-{Kw installed of electro lyzer and RO system

Yearly Report based on a standard
Updated policy by top management
Report from HSE officer or Auditor

Part of the procurement procedures
Part of the procurement procedures
check "as built blueprint” versus power

(C ) Governance

Control parameter/action

Monitoring procedure

Environmental Impact
Project Management for
Balance Score Card
Project Management for
Education on H2

ElA approved and presented to top management
PM procedures for construction of facility
Monthly BSC to check the trends and results

Management of Change
Control chart, actions, progress
BSC ratios and trends

PM procedures for upgrade and comissioning of new stack or refurbishment Control chart, actions, progress

Hours of capacity building for board members and C-suite

Delivery of Capacity Building /year

Note. Adapted from OECD recommendations for ESG assessment (2022)

The social and governance components are the most difficult to analyze, as this

type of technology has little direct human presence in the factories, the process is a

novelty, and the information on the level of knowledge of the board and c-suite on this

process is limited. The typical information from top management usually consists of
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messages about their contribution to the energy transition or planet sustainability with

this type of investment.

Assessment tool for project option selection. The following section is dedicated to
building an assessment tool to support the selection of PEM H2 projects with different
configurations and profitabilities based on their impact on sustainability and the main
project risks. A project like this from the energy sector, with potential risks for fires,
explosions, and impacts on water bodies, usually requires an Environmental Impact
Assessment (EIA) and a safety management plan compliant with local regulations. This
assessment tool evaluated the project at a higher level; it incorporated the global
externalities identified in previous sections and applied a process to select the optimal
project or identify weaknesses of a single project to improve it to the desired ESG level
of the investor's policy. The methodological approach used previous research from Gan et
al. (2017) for weighting and aggregating sustainability indicators, Chen et al. (2018) on
the project sustainability index for sustainable development, and technical notes from the
United Nations Development Programme (2022).

Throughout this section, a general example of three alternatives (A, B, C) versus
an ideal or optimal benchmark explains how to select the preferred option and establish a
relative position between the alternatives. The results are presented in a single
visualization that shows a sustainability score, the project’s profitability, and the main
project risks. The algorithm is illustrated in Table 16, where nine environmental and five

social parameters were weighed in a 60/40 proportion.
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Table 16. Weighed E-S parameters.

Weighing
Indicator Valuation|Values
(A) Economic
Project return IRR from project assessment model X%

(B) Environmental
Sea Water used
Surface/underground water used

UPW used
Brine diluted at the sea at designed

Plant efficiency

Purity
Land foot print

Pressure delivered of final product

Weighed Values

(C ) Social
Safety protection included
Manpower required

Materials Efficiency
Materials sourcing - reputation

| |Operational Safety

The proportion can change according to the investing firm's policies or board
directives. The 14 parameters were the minimum variables to be evaluated in RO + PEM
processes if considering multiple technical options. To standardize the analysis, Table 17

was prepared as an evaluation criteria table to support the objective valuation of the

Ratio of water rejection at RO unit
ratio clean water vs sea water

Ratio of UPW per Kg H2
% of salt recovered

KWH/Kg of H2 delivered

KWH/M3 of UPW delivered to electrolisis

% purity of H2

m2/Kw installed of electrolyzer and RO system

Bar

Devices and PLC monitoring

HH required to operate the facility

Kg consumed/KW installed of electrolyzer
Manufacturing with proper labor standards using

Design based on appropriate safety standards

[1,10]
[1,10]

(1,10]
[1,10]

[1,10]
[1,10]
[1,10]
[1,10]

[1,10]

[1,10]
[1,10]
[1,10]
[1,10]
[1,10]

[Llow, high]

previous parameters in a range [1, 10] using four stages of development.
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Table 17. Evaluation criteria of technology.

‘Stage level Criteria to valuate the Environmental Index ‘Score (Integer) ‘

Less than 509 of the ElA is in compliance. No reliable system for brine reutilization or
Stagel |repumpingto the sea isincluded. The stack efficiencyis below 55% [1,3]

Less than 65% of the ElA is in compliance. No reliable system for brine reutilization or

Stage2 |repumpingto the sea isincluded. The stack efficiencyis below 60% [4, 6]
Stage 3 [7,8]
Staged [9,10]
Stage level Criteria to valuate the Social Index ‘Score (Integer) ‘
The technology supplier has no management system in place and only manufactures
Stagel |equipmentwith no patent requirement [1,3]
The technology supplier has no management system in place and only manufactures
Stage2 |equipmentwith no patent requirement [4,6]
Stage 3 [7,8]
Staged [9,10]

The next step was the application of these criteria, with three cases with different
economic, social, and environmental summary values compared to an ideal case (Table
18). The resulting environmental and social values were transformed to a scale of 1.0 to
facilitate further analysis. The aggregation was done through a weighted geometric mean
of each couple of values; the result is presented together with the profitability in the

summary.
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Table 18. Exercise of three project options vs ideal case.

Option A Option B Option C Ideal case

18% 17.000% 22.000% 20%

Score Weighed Score  Weighed Score  Weighed Score  Weighed

8 4.8 10 5] 6 3.6 10 6

3 18 10 6 6 36 10 B|

E 7 4.2 8 4.8 8 4.8 10 B|

c ] 5.4 9 54 8 438 10 6

g 6 3.6 9 54 8 4.8 10 B|

E 9 5.4 9 54 8 4.8 10 B|

B 9 5.4 9 54 9 54 10 6

7 4.2 9 54 6 3.6 10 6

8 4.8 6 3.6 6 3.6 10 6

3596 474 39 54

10 4 9 36 5 2 10 4

= 8 3.2 9 36 5 2 10 4

@ 8 3.2 9 36 5 2 10 4

28 9 36 6 24 10 4

13.2 144 8.4 16

528 618 474 70

Transformation to a scale of 1.0 option A optionB optionC Ideal

Environmental score 39.6 47.4 39 54

Transformation relative to Optimal 0.44 0.53 0.43 0.60

Social Score 13.2 14.4 84 16

Transformation relative to Optimal 0.33 0.36 0.21 0.40

Weighed Geometric Mean 0.38 0.44 0.30 0.49
Summary E-S score

Project Profitability 18.0% 17.0% 22.0% 20.0%

Aggregated ES score 0.38 0.44 0.30 0.49

The final step was to add a general overview of project risks using the Project
Management Institute standards for risk assessment (PMBOK 7, 2021). The guidance
recommended a matrix of severity versus probability and a definition of a level of risk

based on the type of asset (Table 19).
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Even though the technologies for flammable gases are mature, H2 facilities carry
risks during construction and operational life. Tables 18 and 19 present the matrix and the
quantification of the most frequent incidents in this type of operation, such as power
outages, pollution due to wrongly managed brine, leakages with fires or explosions,
critical corrosion of machinery and pipelines, incidents in confined spaces with no
oxygen, electrocution, extreme weather conditions, poor buffering of the assets relative to
nearby population, poor maintenance due to limited logistics, and problems downstream

with the stability of the demand affecting the production and depreciation of the facility.

Table 19. Matrix of severity vs probability.

Probability
Amost

Rare  |Unlikely |Moderate|Likely —|Certain
Severity Color  Level of risk
Insignificant 1 Acceptable
Minor 2 10al 18 |Tolerable
Jgnificant 3 0224 Hgh
Major 4 Exdreme
Svere 5

Note: Adapted from PMBOK 7, 2021.

Table 20 eistimates the at-risk level for the three project options, A, B, and C.

Their results are correlated in a single chart with the sustainability results in Figure 23.
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Table 20. Risk level assessment.

Option A

No Parameter Probability Severity  RiskLevel Transformation

1 Frequent power outages and downtime 2 2 4 0.50

2 Brinewrongly managed, affecting environment 2 2 4 0.50

3 H2 leakage generates fires or explosion 2 3 3] 075

4 Corrosion management failures {materials, connectors, etc) 2 2 4 0.50

3 Incident in confined spaces 2 4 a8 1.00

6 Electrocution risk with equipment 2 2 4 0.50

7 Electrical storms/strong winds nearby 2 2 4 033

8 Population and housing close to the facility, poor buffering 2 2 4 033

S Maintenance service/spare parts limited locally 4 2 a8 0.67

10 Thedemand for H2 gas is not constant and affects the process stability 2 3 _ B _0.50

52 056

Option B S S
No Parameter Probability Severity RisklLevel Transformation

1 Frequent power outages and downtime 2 2 4 033

2 Brine wrongly managed, affecting environment 4 3 12 1.00

3 H2 leakage generates fires or explosion 2 3 6 0.50

4 Corrosion management failures {materials, connectors, etc) 2 2 4 033

3 Incident in confined spaces 4 3 12 1.00

6 Electrocution risk with equipment 2 2 4 0.50

7 Electrical storms/strong winds nearby 2 2 4 0.50

8 Population and housing close to the facility, poor buffering 2 2 4 022

9 Maintenance service/spare parts limited locally 4 2 a 033

10 Thedemand for H2 gas is not constant and affects the process stability 2 3 [i] 025

_64 050

Option C o o
No Parameter Probability Severity  Risk Level Transformation

1 Frequent power outages and downtime 2 2 4 017

2 Brine wrongly managed, affecting environment 2 2 4 017

3 H2 |eakage generates fires or explosion [i] 3 18 0.75

4 Corrosion management failures {materials, connectors, etc) G 4 24 1.00

5 Incident in confined spaces 2 4 a 0.44

6 Electrocution risk with equipment 2 2 4 022

7 Electrical storms/strong winds nearby 2 2 4 022

8 Population and housing close to the facility, poor buffering 2 2 4 022

4 Maintenance service/spare parts limited locally [i] 3 18 1.00

10 Thedemand for H2 gas is not constant and affects the process stability 2 3 _ 6 054

94 o048

Ideal -
No Parameter Probability Severity RiskLevel Transformation

1 Frequent power outages and downtime 2 2 4 0.67

2 Brine wrongly managed, affecting environment 2 2 4 0.67

3 H2 leakage generates fires or explosion 2 2 4 0.67

4 Corrosion management failures {materials, connectors, etc) 2 2 4 0.67

3 Incident in confined spaces 2 2 4 0.67

6 Electrocution risk with equipment 2 2 4 0.67

7 Electrical storms/strong winds nearby 2 2 4 0.67

8 Population and housing close to the facility, poor buffering 2 2 4 0.67

9 Maintenance service/spare parts limited locally 2 3 3] 1.00

10 Thedemand for H2 gas is not constant and affects the process stability 2 3 _ B _1.00

44 o7
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The challenge is now to evaluate all parameters at once. The solution is a chart
with a Y axis dedicated to the E-S weighted score [0,1], an X-axis of profitability in %,
and the risk presented at the X and Y coordinates using bubbles or circles to relate the
area of these proportional to the level of risk (Figure 23). The integrated analysis is
shown in Figure 23, where the tradeoff between economic performance and E-S is
visualized at once for all options. At the decision-making level, this integrated analysis
allows decisions about the relative position of projects for selection or to discuss how to
improve their performance based on all the parameters described in previous chapters.
The analysis can incorporate more stringent policy issues such as quality of labor at the
origin of the equipment, fair trading conditions, asking for certification of emissions

reductions, and any additional element that impacts the sustainability of this technology.

110

1.00 4 Ideal .

0.90 1 Project B

E-S Score
o
g

Project A

0.70 4

Project C
0.60 4

0.50

15.0% 16.0% 17.0% 18.0% 19.0% 20.0% 21.0% 22.0% 23.0%
Project IRR
Summary E-S score optionA |optionB |optionC [ldeal
Project Profitability 18.0% 17.0% 22.0% 20.0%
Aggregated ES score 0.78 0.89 0.62 1.00
Technical Risk 0.56 0.50 0.48 0.73
Remaining Risk (Area of Bubble) 0.44 0.50 0.52 0.27

Figure 23. Visualization of project alternatives vs ideal case.
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Chapter IV

Discussion

This research provided a comprehensive overview of the economics of a green H2
facility, including UPW production, which is realistically the typical set-up of this
technology for the energy transition. I will discuss the key implications for the future
selection of technological options and how to ensure the highest ESG standard for this
type of energy solution from the investors' perspective, and confirm the main highlights
about the future role of large-scale green hydrogen systems through 2050.

Using a review of LCA literature and technical information of 29 global
producers mostly of PEM electrolyzers, I confirmed the global connectivity of
environmental externalities with the biosphere (seawater, soil impacts from mining and
metallurgy, atmospheric pollution). These externalities are usually not included in the
regulations where most of the facilities operate. Their full inclusion in any business case
would impact the project’s profitability and possibly move the case below the expected
return. This point was my first hypothesis, demonstrated by many externalities, starting
with climate effects, the positive economic effects of carbon pricing, which could move
the IRR over 200 basis points upward, plus the leakage of H2, which confirmed a little
negative impact on nature. I then tested the the effects of externalities due to water and
social license to operate, which were modeled as fines and operational downtime,
confirming a potential adverse effects that could prevent the approval of a business case

if this type of risk were present in the project context (e.g., conflicting neighbors or
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regulatory gaps in the country hosting the assets), thereby moving the IRR very close or
lower the Ke.

My second hypothesis was examined in model scenarios that included all the
externalities accumulated in the construction, operation, and decommissioning stages of
the model green H2 facility, assuming its lifetime of 20 years. Climate financing after
deducting negative leakages, was shown to be essential for the economic feasibility of the
facility. On the other hand, water, which is the most visual element of the facility and
sensitive in some contexts, had no significance in the cost breakdown of hydrogen, even
if sourced from seawater. Most facilities do not account for these externalities due to the
lack of carbon markets to support this type of facility. Using seawater is a mature
process, and brine management is not a limitation. Even water is seen as an infinite
resource in most contexts; the assessment of water consumption accumulated globally
due to the operation of green H2 in 2030 and 2050 showed large numbers, but they are
less than the water used to produce the fossil fuels replaced by the facility, and partly
return to the ecosystem in the use stage as water vapor. The LCA information on H2
production based on PEM technology is limited for upstream impacts. However, the
primary impacts on sustainability (energy consumption, upper atmosphere, air, water, and
social issues) were measured or simulated, and the net impact is below other options for
energy based on liquid or gaseous fossil fuels.

My third hypothesis concerned the additional parameters to assess the
sustainability of green hydrogen projects today and consider their future evolution, as it is
a dynamic sector. Limited information is available about global issues such as climate

impacts, air pollution impacts, social standards for equipment fabrication, metals, carbon
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intensity of equipment, and water footprint. There is no integrated framework to cover
these issues, which are abundant in the case of natural gas, for example. Most current
studies rely on applying LCA software, which is limited to most water-splitting options
and requires frequent database updates.

To address this need, based on current LCA studies, I built a tool to score these
additional parameters and provide a framework to evaluate the essential components of
the facility and their ESG aspects, weighing the values for diverse policies from the
investors' perspective. This approach adds additional valuable information to visualize
components or all the facilities at a single E-S score level and their profitability; project
operational risk were presented as proportional bubbles for a two-dimensional overview.

My fourth hypothesis focused on the economics of PEM electrolyzers, using a
typical business case with some level of federal subsidy and an expected return of 12%,
which is adequate for this type of facility, modeled using the CAPM and references from
the energy sector in the United States). This technology requires substantial subsidies to
have a price to market below 5 USD/Kg H2. Comparability at ex-works conditions of
fossil fuels (crude oil supply plus refining) indicates that a reduction of over 65% is
needed for a pivotal price of hydrogen capable of generating ideal competitive conditions
in the long run. If we add climate financing, IRR improves to 14.3%, even though not all
markets currently provide an easy mechanism to offer carbon credits. The final exercise
with fines starting at 0.1 USD/Kg H2 and operational downtime beginning at 0.5% of the
available operational time shows the strong sensitivity of the IRR to these conditions,
dropping to 12.5% or lower. This type of business has little flexibility to cope with

economic shocks and needs conditions for stable operations without the risk of social
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conflicts. Its profitability is usually below the margins obtained in oil and gas worldwide
and might not change significantly during most of the global energy transition.

Finally, the sensitivity analysis of the project IRR with and without subsidies for
the capital expenditures of the facility and of the cost of green electricity (more than 50%
of its cost) confirmed that this type of business requires an initial subsidy to initiate
operations. It is not possible to reach the expected return and create a pool of consumers
without a subsidy, assuming a competitive cost of electricity and no indirect subsidy for
electricity. However, in the next two decades, the cost of electricity should decline,
which has been the trend of renewable energy since 2010 in most markets. There will
likely be a moment of intersection between subsidies and cheaper electricity that will
make the subsidies unnecessary, and the business sould continue without any support and
be self-sustainable. On the other hand, this type of business relies on fixed prices without
the intervention of energy markers, making them less influenced by volatility but less
profitable compared to fossil fuels. There is a long process of adaptation of hydrogen to
the energy market ahead; it is difficult to see where it will go, but the economic
conditions for gas transportation or chemistry to make ammonia or e-fuels under a PtX

scheme will undoubtedly impact their future.

Research Limitations
The research limitations of this study were many and challenging. At the level of
the sustainability of green hydrogen, the most important were the impacts of hydrogen
leakages in the atmosphere as a GHG and the availability of LCA datasets to assess the
social and environmental impacts of the construction and operation of electrolyzers and

ultrapure water filtering systems for each type of water-splitting technology. Most LCA
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studies rely on software and limited datasets, and there is little attention to UPW
production, even though the production levels could be significant. The social side of the
manufacturing of equipment and operations has even more limited information,
especially upstream, when producing metals and mining, or labor conditions at suppliers'
manufacturing sites. This situation must change as thousands of operations will be in
place this decade. The leakage issue should adopt official values from the IPCC or
equivalent, and the electrolyzers, independently of their technology and origin, should be
required to have international certifications to cover social and environmental aspects.
Moreover, technological shocks could rebalance the alternatives for cleaner
energy in a few decades, such as nuclear fission, more efficient solar energy, wind energy
capture, or nuclear batteries. This new context could displace hydrogen partly in
transportation or energy storage sectors beyond 2050. Hydrogen seems to have a niche in
transportation and industry as heat or chemistry, but this requires further analysis of the
impact of logistics to transport the gas over long distances, the rebound effect due to
displacement of oil in less developed economies, and the combined effect of
technological development in higher thermal efficiency, longer life of stacks and use of
less expensive materials. Also, more regulation is expected around the pivotal price of
hydrogen versus fossil fuels to administer the direct subsidies or measure the effect of the
cost of green electricity. All are part of the global energy transition to 2050, so there are
many opportunities for further research. These uncertainties argue for the modeling

presented here to be recurrently updated for forecasting prospects for green H2 facilities.
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Conclusions

The research demonstrated that green hydrogen production can be and should be
analyzed more comprehensively from the complete business case perspective with a
broad ESG approach, overcoming the single analysis with levelized costs or using a low
Ke that does not cover all the risks of this technology. Aspects such as climate financing,
leakages, less PM2.5, atmospheric sulfur reduction, water stress, clear regulatory
conditions, and stable engagement with close neighbors are the challenges these facilities
will face during their market penetration until 2050. Assessing risks related to the
environmental and social aspects allows understanding future changes in performance,
materials, and labor issues with suppliers upstream; this will impact the quality of the
decisions on a specific project or components that must demonstrate their impact on the
planet's sustainability.

A vision of the green or pink hydrogen sector to the year 2050 will likely have
hundreds of large-scale facilities in the coastal zone of many countries, connected to grids
or using dedicated RE supply to avoid community demands impacting their ecosystems.
Their competitiveness will rely on the pivotal price to customers that will be possible
below 2.3 USD/Kg through higher thermal efficiency, a drastic reduction of expensive
catalyzers, longer life of stacks, low cost of RE energy, smaller land footprint, and adding
rigorous risk assessment to assure the most sustainable solutions. Indeed, the tool and
framework used in this research demonstrated a broader evaluation of the sustainability
of this type of technology and the global nature of its impacts. Consequently, this broader

assessment should be applied to the future value chain of PtX products based on green
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H2 to maintain a transparent overview of sustainability for investors and comply with

most stakeholders' expectations.

86



Table 21. Scenario BAU.

Assumptions

1. Direct subsidy of 50% only for electrolyzer facility key assets

2. Cost of electricity at market condition, no indirect subsidy
3. Sales price below 5USD/Kg due to subsidy

Year

Appendix 1

Scenarios Based on Financial Model

(Cash flow in 000’s USD )

of

1

2

3

4

5

6

7]

g

9]

10]

11

12

13

14

15

16

17

18

19

20

1) Sales Plan

H2 production Kg/year

Ramp-up

Total Sales 26,311,740 Kg/20years

Sales Kg/year

0 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621

75%

95%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

0 1,001,716 1,268,840 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621

100%

100%

100%

100%

100%

1,335,621 1,335,621 1,335,621 1,335,621 1,335,621

Energy delivered Tera joules 0 1421 1800 1894 1894 18904 1894 1894 1894  189.4 1894 1894  189.4 1894 1894 1894 1894 1894 1894 1894 1894
2) Macro economic adjustment for the whole period | o] 1] 2] 3] 4] 5] 6] 7] | 9] 10] 11] 12] 13] 14] 15] 16] 17] 18] 19] 20|
US inflation (estimation) 20%  20%  20%  2.0%  2.0%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  20%  2.0%
Accumulated inflation 1.02 104 106 1.08 1.10 113 115 117 120 122 124 127 129 132 135 137 1.40 143 146 149
3) Total CAPEX w/subsidy 9,333,100 USD [ o] 1] 2 3] 4] 5] 6] 7] | | 10] 11] 12] 13] 14] 15] 16] 17] 18] 19] 20|
Direct Subsidy

RO+UPW+Electrolyzer +Dryer 7,383,100 USD 7,383 1,950

Stack Refurbishment 1,950,000 USD

4) Income (no tax incl.) USD/year 0 418 5412 5811 5927 6046 6167 6290 6416 6544 6675 6809 6945 7,084 7,226 7370 7517 7,668 7,821 7,978 8137
Price to customer m UsD/kg

5) Variable Cost USD/year 0 2417 3,123 3353 3420 3489 3559 3630 3702 3776 3,852 3,929 4008 4,088 4,169 4253 4338 4425 4513 4603 4,695
Electricity Y] uso/MwH

RO+UPW 140,813 KWH/M3 4 5 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 8 8 8
Electrolyzer+dryer 83,014,935 KWH/year 2,413 3,118 3,348 3,415 3,483 3553 3624 3696 3,770 3,845 3922 4,001 4081 4,162 4,246 4331 4417 4505 4596 4,688
6) Contribution Margin USD/year 0 1772 2,289 2,458 2,507 2,557 2,608 2661 2714 2,768 2,823 2,880 2,937 2,996 3,056 3,117 3,180 3243 3308 3374 3,442
7) Fixed Cost USD/year 0 1065 108 1,08 1130 1152 1,175 1,199 1,223 1247 1272 1298 1324 1350 1377 1405 1433 1461 1491 1520 1,551
RO+UPW 0 29 30 30 31 32 32 33 34 34 35 36 36 37 38 39 39 40 41 42 43
Electrolyzer+dryer 0 1,035 1056 1077 1099 1121 1143 1166 1,189 1213 1237 1262 1,287 1313 1339 1366 1393 1421 1450 1,479 1,508
8) EBITDA - CF before taxes UsD/year 0 707 1,203 1350 1377 1405 1433 1462 1,491 1521 1551 1,582 1614 1646 1679 1713 1747 1782 1817 1854 1,891
9) Depretiation (by yearly use) USD/year 0 402 509 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535
10) EBIT - ROC 0 306 695 815 842 870 898 926 956 985 1,016 1,047 1,078 1,111 1,144 1,177 1211 1246 1282 1318 1355
11) Taxes (US) 0 92 208 244 253 261 269 278 287 296 305 314 324 333 343 353 363 374 385 396 407
12) Net Income 0 214 486 570 589 609 628 648 669 690 711 733 755 777 801 824 848 872 897 923 949
13) Residual life 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14) Net Operating Profit after Tax usD 7,383 616 995 1,106 1,125 1,144 1164 1,184 1204 1225  -704 1268 1290 1313 1336 1359 1,383 1,408 1433 1458 1484

15) Financial Indicators

k2177 Discount Factor

IRR  12.78%

NPV 396,196 USD

B/C 0.042 USD/USD
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Table 22. Scenario BAU + Climate Financing

Assumptions 1. Direct subsidy of 50% only for electrolyzer facility
2. Cost of electricity at market condition, no indirect subsidy
3. Carbon pricing effects, including leakage (compared with diesel fuel substitution)

(Cash flow in 000°s USD )

1) Sales Plan Year
[ of 1] 2 3 4] 5[ 6 7] ) 9] 10] 11 12 13 14 15 16 17 18 19 20

H2 Production Kg/year 0 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621
Ramp-up 75% 95% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Total Sales 26,311,740 Kg/20years
Sales Kg/year 0 1,001,716 1,268,840 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621
Energy delivered Tera joules/ 0 142.1 180.0 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4 189.4
2) Macro economic adjustment for the period [ of 1] 2 3[ 4] 5[ 6f 7] 8 9f 10] 1] 12] 13 14] 15] 16] 17 18] 19] 20|
US inflation (estimation) 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0% 2.0%
Accumulated inflation 1.02 1.04 1.06 1.08 1.10 1.13 115 117 1.20 122 124 1.27 129 132 135 137 1.40 1.43 1.46 1.49
3) Total CAPEX w/subsidy 9,333,100 USD [ of 1] 2] 3[ 4] 5[ 6f 7] ) 9f 10] 11] 12] 13] 14] 15] 16] 17] 18] 19] 20|
Direct Subsidy
RO+UPW-+Electrolyzer +Dryer 7,383,100 USD 7,383 1,950
Stack Refurbishment 1,950,000 USD
4) Income (no tax incl.) USD/year 0 4295 5549 5957 6077 6198 6322 6448 6577 6709 6843 6980 7,020 7262 7407 7,555 7,706 7,861 8,018 8178 8342
Price to customer UsD/kg
Sales income 0 4189 5412 5811 5927 6046 6167 6290 6416 6544 6675 6809 6945 7,084 7226 7370 7,517 7,668 7,821 7,978 8137
Emission Reductions income USD/year 0 107 139 149 152 155 158 161 164 168 171 175 178 182 185 189 193 197 200 205 209
Leakage Loss USD/year 0 -2 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -4 -4 -4 -4 -4 -4 -4
Price of CO2 h(Ki] USD/tCO2eq
Potential system H2 Leakage b A7 Penalty
GWP of H2 8.0
5) Variable Cost USD/year 0 2,417 3,123 3,353 3,420 3,489 3,559 3,630 3,702 3,776 3,852 3,929 4,008 4,088 4,169 4,253 4,338 4,425 4,513 4,603 4,695
Electricity IETY] uso/MwH
RO+UPW 140,813 KWH/M3 4 5 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 8 8 8
Electrolyzer+dryer 83,014,935 KWH/year 2413 3,118 3348 3415 3483 3553 3,624 3,696 3,770 3,845 3922 4001 4081 4162 4246 4331 4417 4505 4,596 4,688
6) Contribution Margin USD/year 0 1877 2425 2,604 2656 2,709 2,763 2,819 2,875 2933 2,991 3051 3,112 3174 3238 3303 3369 3436 3505 3575 3,646
7) Fixed Cost USD/year 0 1,065 1,086 1,108 1,130 1,152 1,175 1,199 1,223 1,247 1,272 1,298 1,324 1,350 1,377 1,405 1,433 1,461 1,491 1,520 1,551
RO+UPW 0 29 30 30 31 32 32 33 34 34 35 36 36 37 38 39 39 40 41 42 43
Electrolyzer+dryer 0 1,035 1,056 1,077 1,099 1,121 1,143 1,166 1,189 1,213 1,237 1,262 1,287 1313 1,339 1,366 1,393 1,421 1,450 1,479 1,508
8) EBITDA - CF before taxes USD/year 0 813 1,340 1,497 1,526 1,557 1,588 1,620 1,652 1,685 1,719 1,753 1,788 1,824 1,861 1,898 1,936 1,975 2,014 2,054 2,095
9) Depretiation (by yearly use) USD/year 0 402 509 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535
10) EBIT - ROC 0 411 831 961 991 1,022 1,053 1,084 1,117 1,150 1,184 1,218 1,253 1,289 1,325 1,363 1,401 1,439 1,479 1,519 1,560
11) Taxes (US) 0 123 249 288 297 306 316 325 335 345 355 365 376 387 398 409 420 432 444 456 468
12) Net Income 0 288 582 673 694 715 737 759 782 805 829 853 877 902 928 954 980 1,007 1,035 1,063 1,092
13) Residual life 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14) Net Operating Profit after Tax usb 7,383 689 1,090 1,208 1229 1251 1272 1295 1317 1340 58 1,388 1,413 1438 1463 1489 1516 1,543 1570 1599 1,627
15) Financial Indicators Discount Factor

NPV 1,202,021 USD NPV Carbon income 1.17 MM USD/20 years

IRR 14.31% NPV H2 leakage -22,331 USD/20 years

B/C 0.13 USD/USD NPV Sales Income 45.8 MM USD/20 years

88



Table 23. Scenario ESG.

Assumptions

1. Direct subsidy of 50% only for electrolyzer facility

2. Environmental externalities cost effect expressed as fines per kilogram of H2
3. Social externalities cost expressed as downtime of the operation (shutdown)

(Cash flow in 000°s USD )

1) Sales Plan Years

0 1 2 3] 4] 5] 6 7] 8 9] 10] 11 12 13 14 15 16 17 18 19 20
H2 Production Ke/year 01,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621 1,335,621
Ramp-up 75% 95%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%  100%
Total Sales 26,180,181 Kg/20years
Sales Kg/year 0 996,707 1,262,496 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943 1,328,943
Downtime/social issues %/year
sales losses 0 20535 26011 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380 27,380
Energy delivered Tera joule 0 1414 1791 1885 1885 1885 1885 1885  188.5 1885  188.5 1885  188.5 1885 1885 1885 1885 1885 1885 1885 1885
2) Macro economic adjustment for the period [ o] 1] 2] 3] 4] 5] 6] 7] | 9] 10] 11] 12] 13] 14] 15] 16] 17] 18] 19] 20|
US inflation (estimation) 20%  20%  20%  20%  20%  20%  20% 20%  20%  20%  20% 20%  20% 20%  20% 20%  20% 20% 20% 2.0% 20%
Accumulated inflation 1.02 1.04 1.06 1.08 1.10 1.13 1.15 1.17 120 1.22 124 127 1.29 132 135 137 1.40 143 146 1.49
3) Total CAPEX w/subsidy 9,333,100 USD [ o] 1] 2 3] 4] | 6] 7] 8| 9] 10] 11] 12] 13] 14] 15] 16] 17] 18] 19] 20|
Direct Subsidy 50%
RO+UPW+Electrolyzer +Dryer 7,383,100 USD 7,383 1,950
Stack Refurbishment 1,950,000 USD
4) Income (no tax incl.) USD/year 0 4273 5521 5928 6046 6167 6290 6416 6545 6675 6809 6945 7,084 7226 7,370 7,518 7,668 7,821 7,978 8137 8300
Price to customer usD/kg
sales income 0 4168 5385 5782 5898 6016 6136 6259 6384 6512 6642 6775 6910 7,048 7,189 7333 7,480 7,629 7,782 7938 8096
Emission Reductions income USD/year 0 107 138 148 151 154 157 160 164 167 170 174 177 181 184 188 192 196 199 203 208
Leakage Loss USD/year 0 -2 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -4 -4 -4 -4 -4 -4 -4
Price of CO2 k1] USD/tCO2eq
Potential system H2 Leakage b A:74 Penalty
GWP of H2 EX
5) Variable Cost USD/year 0 2519 3255 3,494 3,564 3,636 3,708 3,782 3,858 3935 4,014 4094 4,176 4260 4345 4432 4520 4611 4703 4,797 4,893
Electricity T uso/MwH
RO+UPW 140,813 KWH/M3 4 5 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 8 8 8
Electrolyzer+dryer 83,014,935 KWH)/year 2,413 3,18 3,348 3415 3483 3,553 3,624 3,696 3,770 3,845 3922 4001 4,081 4,162 4246 4331 4417 4505 4596 4,688
Environmental fines USD/Kg 102 131 141 144 147 150 153 156 159 162 165 169 172 175 179 182 186 190 194 197
6) Contribution Margin USD/year 0 1,754 2266 2433 2482 2532 2,582 2,634 2,686 2,740 2,795 2,851 2,908 2966 3,025 3,08 3,148 3211 3275 3340 3,407
7) Fixed Cost USD/year 0 1065 1,08 1,108 1,130 1,152 1,175 1,199 1,223 1247 1272 1298 1324 1350 1377 1405 1,433 1461 1,491 1520 1,551
RO+UPW 0 29 30 30 31 32 32 33 34 34 35 36 36 37 38 39 39 40 4 42 43
Electrolyzer+dryer 0 1,035 1,05 1077 1,099 1,121 1,43 1166 1,189 1213 1,237 1262 1,287 1313 1339 1366 1,393 1421 1450 1479 1,508
8) EBITDA - CF before taxes USD/year 0 690 1,180 1,326 1352 1379 1407 1435 1464 1,493 1523 1553 1584 1616 1648 1681 1715 1749 1784 1,820 1,856
9) Depretiation (by yearly use) USD/year 0 402 509 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535 535
10) EBIT - ROC 0 288 672 790 817 844 871 900 928 958 987 1,018 1,049 1,081 1,113 1,146 1,180 1214 1249 1,285 1321
11) Taxes (US) 0 86 202 237 245 253 261 270 278 287 296 305 315 324 334 344 354 364 375 385 396
12) Net Income 0 202 470 553 572 591 610 630 650 670 691 713 734 756 779 802 826 850 874 899 925
13) Residual life 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14) Net Operating Profit after Tax usD 7,383 603 979 1,089 1,107 1,126 1,145 1,165 1,185 1206  -723 1248 1270 1292 1314 1338 1361 138 1410 1435 1,460
15) Financial Indicators Discount Factor

A d i
Key financial ratios NPV 260,109 USD NPV Social Cost 197,312 Kg of H2 not sold
IRR 12.51% NPV Env. Fines 1,111 M USD in fines
B/C 0.03 USD/USD
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Appendix 2

Forecast of Environmental Impacts to 2030

Forecasts from ARIMA(0,2,1)
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Figure 24. Forecast of OECD countries demand of fossil fuels until 2030.

90



Table 24. ARIMA model selection and forecasted values.

Model Selection

ARIMA(0,2,0) : 937.0805
ARIMA(0,2,1) : 920.8326
ARIMA(O0,2,2) : 921.293
ARIMA(O,2,3) : 923.6151
ARIMA(0,2,4) : 924.9201
ARIMA(O,2,5) : 926.8316
ARIMA(1,2,0) : 930.9393
ARIMA(1,2,1) : 921.2351
ARIMA(1,2,2) : 923.6019
ARIMA(1,2,3) : Inf
ARIMA(1,2,4) : 927.1502
ARIMA(2,2,0) : 926.611
ARIMA(2,2,1) : 923.5505
ARIMA(2,2,2) : Inf
ARIMA(2,2,3) : Inf
ARIMA(3,2,0) : 928.5587
ARIMA(3,2,1) : 925.437
ARIMA(3,2,2) : 927.4675
ARIMA(4,2,0) : 927.3987
ARIMA(4,2,1) : 927.1801
ARIMA(S5,2,0) : 926.9521

Best model: ARIMA(0,2,1)

Values 2023-2030, Confidence levels 80/95

> arimafore <- forecast(myarima, h

> arimafore
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