Navigating the Global Energy Transition: A Comprehensive
Analysis of Decarbonization Technologies, Strategies, and
Imperatives

Executive Summary

This report provides a comprehensive analysis of the technologies, strategies, and
imperatives driving the global energy transition and decarbonization efforts. The
transition from an energy system reliant on fossil fuels to one based on low-carbon
and renewable sources is a multifaceted undertaking, critical for addressing climate
change, enhancing energy security, and unlocking new economic opportunities. This
transformation involves a diverse portfolio of technologies, including established and
emerging renewable energy sources, advanced energy storage solutions, the
burgeoning hydrogen ecosystem, carbon capture, utilization, and storage (CCUS)
systems, evolving nuclear energy technologies, widespread energy efficiency
measures, and the development of smart grid infrastructure.

Key findings indicate that while significant progress has been made, particularly in the
cost reduction and deployment of solar photovoltaics (PV) and wind power, a
substantial "deployment gap" persists between global ambitions and on-the-ground
implementation. Overcoming this gap requires accelerated technological innovation,
substantial and strategically directed investment, robust and adaptable policy
frameworks, and strengthened international cooperation. The report underscores that
a successful energy transition must also be a just transition, ensuring equitable
distribution of benefits and mitigating adverse socio-economic impacts.

The analysis delves into the working principles, market maturity, advantages,
limitations, and future outlook for each key technology category. It highlights the
critical role of energy storage in enabling high shares of variable renewable energy,
the potential of hydrogen to decarbonize hard-to-abate sectors, the necessity of
CCUS for specific industrial emissions and carbon dioxide removal, the evolving role of
nuclear power, and the foundational importance of energy efficiency and smart grids.

Cross-cutting enablers such as advanced materials, artificial intelligence (Al),
supportive policy and regulatory frameworks, and innovative financing mechanisms
are identified as critical catalysts for accelerating the transition. The report also
examines the socio-economic implications, including job creation and industrial shifts,
as well as the environmental impacts, such as land use and resource management
associated with different decarbonization pathways.



Ultimately, navigating the complexities of the energy transition demands a holistic,
integrated, and adaptive approach. This report aims to equip policymakers, investors,
industry leaders, and researchers with the in-depth understanding necessary to make
informed decisions, foster innovation, and collectively steer the global energy system
towards a sustainable, secure, and equitable low-carbon future.

I. The Imperative for Decarbonization and Energy Transition

The global energy system is at a pivotal juncture, facing an urgent need to shift away
from its long-standing reliance on fossil fuels towards cleaner, more sustainable
energy sources. This transformation, broadly encapsulated by the terms
"decarbonization" and "energy transition," is driven by a confluence of environmental
imperatives, economic opportunities, and evolving energy security paradigms.
Understanding the definitions, driving forces, and international context of this shift is
fundamental to navigating its complexities and harnessing its potential.

A. Defining the Landscape: Decarbonization and the Energy Transition

Decarbonization refers to the systematic and comprehensive process of reducing
carbon dioxide (CO2) and other greenhouse gas (GHG) emissions across all sectors of
the economy.' At its core, decarbonization involves a fundamental shift from fossil
fuels—such as coal, natural gas, and oil—to carbon-free and renewable energy
sources.” This is not a singular action but rather a long-term, multifaceted
transformation of how societies generate and consume energy, produce goods,
transport people and resources, and foster economic growth.' The ultimate goal is to
transition towards a low-carbon economy, powered by sources like wind, solar, and
hydro, and supported by cleaner technologies and sustainable practices.’

The energy transition, in a complementary manner, describes the structural change
in energy systems. It signifies a transformative shift in how energy is produced,
distributed, and consumed, moving away from systems predominantly based on fossil
fuels towards those centered on renewable energy sources such as solar, wind,
hydropower, and geothermal energy.® This transition is not limited to the adoption of
cleaner energy sources; it also encompasses enhancing energy efficiency across all
end-uses, deploying advanced technologies like energy storage to manage the
variability of renewables, and decarbonizing key sectors such as electricity
generation, transportation, and industry.® A critical aspect of this transformation is
ensuring it is a "just transition," prioritizing equity, inclusion, and human development.®

The distinction and interplay between these terms are important. Decarbonization is
the overarching goal of reducing emissions, while the energy transition represents the



primary pathway—the systemic shift in energy systems—to achieve that goal. Both are
driven by the need to mitigate climate change and are increasingly recognized as
routes to enhanced economic resilience and energy security.’

B. Driving Forces: Climate Goals, Economic Opportunities, and Energy Security

The global impetus for decarbonization and the energy transition is propelled by a
compelling set of interconnected drivers:

1.

Climate Change Mitigation: The most significant driver is the urgent need to
address climate change by drastically reducing GHG emissions.? The international
community, under the Paris Agreement, has committed to limiting global average
temperature increase to well below 2°C above pre-industrial levels, while pursuing
efforts to limit it to 1.5°C.> Given that energy production and use account for
approximately two-thirds of global GHG emissions and 80% of global energy
supply still comes from fossil fuels, transforming the energy sector is paramount.®
However, current global climate targets and actions are widely considered
insufficient. Projections indicate that if current trends continue, global GHG
emissions in 2030 could be twice the level required to meet the 1.5°C target,
potentially leading to a temperature increase of 2.4°C by 2100.? This underscores
the necessity for an accelerated transition.

Economic Opportunities: The energy transition is increasingly viewed not just as
an environmental necessity but as a significant economic opportunity.?
Investments in renewable energy, energy efficiency, and related infrastructure can
stimulate economic growth, create new industries, and generate substantial
employment.® For instance, investments focused on the energy transition can
help overcome economic slumps and create millions of jobs in renewables
(estimated 2.46 million additional jobs), energy efficiency (2.91 million), and grid
flexibility (0.12 million), outweighing job losses in fossil fuel sectors.” Companies
that proactively embrace decarbonization can gain a competitive edge, minimize
risks associated with rising carbon prices and stricter regulations, and achieve
long-term cost efficiencies through the adoption of renewable energies and
energy-efficient technologies.

Energy Security: The shift towards domestically sourced renewable energy
enhances national energy security by reducing dependence on volatile
international fossil fuel markets and the geopolitical uncertainties often
associated with them.? Diversifying the energy mix with renewables strengthens
resilience against supply disruptions and price shocks.

Technological Advancements and Cost Reductions: Rapid advancements in
clean energy technologies, coupled with dramatic cost reductions, particularly for



solar PV and wind power, have made renewables increasingly competitive with,
and often cheaper than, new fossil fuel generation.” The cost of lithium-ion
batteries has also fallen significantly, bolstering the viability of electric vehicles
and grid-scale storage.’ These trends are accelerating the economic feasibility of
the energy transition.

5. Societal and Public Health Benefits: Growing public awareness of climate
change and its impacts, along with an increasing demand for sustainable and
climate-friendly products and services, is exerting pressure on governments and
corporations to accelerate decarbonization efforts." Furthermore, the transition to
cleaner energy sources yields significant public health benefits by reducing air
pollution, which is a major cause of respiratory and cardiovascular diseases.’

These drivers are not mutually exclusive; rather, they often reinforce each other,
creating a powerful momentum for change. For example, policies aimed at achieving
climate targets can simultaneously spur innovation, create green jobs, and improve
public health outcomes. This interconnectedness suggests that holistic strategies
addressing these drivers in concert are likely to be the most effective in accelerating a
successful and just energy transition.

C. Global Commitments and the Role of International Bodies (UNFCCC, IEA,
IRENA)

The global energy transition is guided and supported by a framework of international
agreements and organizations that play crucial roles in setting targets, fostering
cooperation, providing data and analysis, and mobilizing finance.

1. United Nations Framework Convention on Climate Change (UNFCCC) and
the Paris Agreement: The UNFCCC is the primary international treaty under
which governments collaboratively consider actions to limit average global
temperature increases and the resulting climate change. The Paris Agreement,
adopted in 2015, strengthens this framework by committing signatory nations to
Nationally Determined Contributions (NDCs) — self-defined national climate
pledges outlining emissions reduction targets and adaptation plans.’? These NDCs
are central to the global effort and are subject to a "Global Stocktake" process
every five years to assess collective progress and ratchet up ambition.’ The
COP28 Global Stocktake, for instance, explicitly called for accelerating the
deployment of low-emission technologies, including renewables, nuclear, and
CCUS, and for transitioning away from fossil fuels in energy systems.? The quality
and ambition of NDCs, particularly the upcoming NDC 3.0 submissions due by
February 2025, are critical for aligning global efforts with the 1.5°C target.’

2. International Energy Agency (IEA): The IEA is an autonomous



intergovernmental organization that provides authoritative analysis, data, policy
recommendations, and real-world solutions to help countries ensure secure,
affordable, and sustainable energy for all. The IEA plays a significant role in
tracking global energy trends, assessing the progress of clean energy transitions,
and outlining pathways to achieve climate goals, such as its influential Net Zero
Emissions by 2050 (NZE) Scenario.? The agency publishes numerous reports on
specific technologies (e.g., solar PV é, batteries °, grid-scale storage ®), market
developments, investment trends ', and maintains comprehensive policy
databases."” IEA's Technology Collaboration Programmes (TCPs) further facilitate
international R&D efforts in areas like wind energy ', hydropower %, and
geothermal energy.”

3. International Renewable Energy Agency (IRENA): IRENA is an
intergovernmental organization dedicated to promoting the widespread adoption
and sustainable use of all forms of renewable energy.” It serves as a principal
platform for international cooperation, a center of excellence, and a repository of
policy, technology, resource, and financial knowledge on renewable energy.
IRENA publishes flagship reports such as the "World Energy Transitions Outlook
and the "Global Renewables Outlook" ¢, which provide critical insights into
pathways for energy transformation, socio-economic benefits like job creation ¢,
investment requirements %', and policy frameworks needed to accelerate the
transition. IRENA also focuses on specific renewable technologies like wind *°,
hydropower ¥, biomass *, and thermal energy storage.*
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The collective efforts of these international bodies are instrumental in shaping the
global energy transition agenda, providing essential data and analysis to inform
national policies, and fostering the collaboration needed to achieve shared climate
and energy goals. However, a persistent challenge highlighted across various analyses
is the "deployment gap" - a significant disparity between the ambitious targets set
and the actual pace of technology deployment and investment on the ground.?” This
gap underscores the need for more concerted action, stronger policy implementation,
and increased financial flows, particularly towards developing economies.
Furthermore, the principle of a "just transition" is increasingly emphasized as a
foundational requirement for the societal acceptance and long-term sustainability of
the energy transition, ensuring that the benefits are widely shared and vulnerable
communities are supported.® Addressing this deployment gap and ensuring a just
transition are critical early challenges that demand immediate and sustained attention
from the global community.

ll. Foundational Pillars: Renewable Energy Generation



The transition to a decarbonized energy system hinges on the large-scale deployment
of renewable energy generation technologies. These technologies harness natural
resources to produce power with significantly lower greenhouse gas emissions
compared to fossil fuels. This section examines the primary renewable energy sources
— Solar PV, Wind Power, Hydropower, Geothermal Energy, and Biomass/Bioenergy -
detailing their working principles, market trends, technological advancements, roles in
decarbonization, advantages, limitations, and future prospects. A comparative
analysis will synthesize these aspects to provide a holistic view of their contributions
to the energy transition.

A. Solar Photovoltaics (PV): Technology, Market Trends, and Future Prospects

Solar Photovoltaic (PV) technology, which converts sunlight directly into electricity
using semiconductor materials, stands as a cornerstone of the global energy
transition.® Its rapid growth, driven by falling costs and policy support, positions it to
become the largest source of renewable energy capacity globally.

Working Principle and Technology:

Solar PV cells, typically made from silicon, generate electricity through the photovoltaic effect.
When sunlight strikes the semiconductor material, it excites electrons, creating an electric
current.8 The dominant technology in the market is crystalline silicon, with a notable shift
towards more efficient monocrystalline wafers and advanced cell designs like Passivated
Emitter and Rear Cell (PERC) technology, which expanded its market share to almost 60%.8
Market Trends and Adoption:

The global solar PV market is experiencing unprecedented growth. It is projected to account
for 80% of the growth in global renewable capacity between 2024 and 2030.8 In 2023, solar
PV generation increased by a record 320 TWh (up 25%), reaching over 1600 TWh,
demonstrating the largest absolute generation growth of all renewable technologies that
year.8 This growth rate is nearing the trajectory required for the IEA's Net Zero Emissions by
2050 (NZE) Scenario.8

Key drivers for this expansion include continuous improvements in economic
attractiveness, massive development in the supply chain, and increasing policy
support, particularly in major markets like China, the United States, the European
Union, and India.? China leads significantly in capacity additions, adding 260 GW in
2023, nearly triple its previous year's growth.? The European Union is accelerating
deployment in response to energy security concerns (REPowerEU Plan), adding 61 GW
in 2023 (a 45% increase).® The US Inflation Reduction Act (IRA) is also providing a
significant boost to PV capacity growth and supply chain expansion, with 32 GW
added in 2023 (a 70% increase).? India installed 12 GW in 2023, with significant
ramp-up expected.®



A critical factor fueling this growth is the dramatic reduction in costs. Global PV
module spot prices decreased by 50% between December 2022 and December 2023,
driven by growing overcapacity in the supply chain and fierce competition among
producers.® Utility-scale solar PV is now the cheapest source of new electricity
generation in most parts of the world.* Distributed PV applications, such as rooftop
solar, are also expanding, though deployment can be sluggish in some large markets if
policy incentives are not robust.™

Role in Decarbonization and Future Prospects:

Solar PV is a critical technology for achieving decarbonized power systems and is already on a
1.5°C compliant trajectory.5 If current progress is maintained, solar and wind power
collectively could reach a 50% share of electricity generation in the 2040s, with a 30% share
by 2030 being aligned with this trajectory.5 To align with the NZE Scenario, annual solar PV
generation needs to reach approximately 9200 TWh by 2030, requiring an average annual
generation growth of around 28% from 2024-2030.8

Future advancements are focused on further improving efficiency and reducing costs.
Research by institutions like the National Renewable Energy Laboratory (NREL)
explores areas such as agrivoltaics, solar plus storage, and advanced hosting capacity
analysis.”" A significant area of R&D is in advanced solar materials, including
perovskites, quantum dots, and tandem cells. Perovskite solar cells are lauded for
their potential for high efficiency and cost-effective manufacturing.** Recent
breakthroughs in inorganic perovskite/organic tandem solar cells have achieved
certified efficiencies exceeding 25%, signaling a promising future for hybrid
photovoltaic platforms with enhanced stability and performance.*> Quantum dots
synthesized from materials like acidic magnesium-doped tin oxide are being used to
engineer better contact surfaces, reduce defects, and improve charge extraction in
advanced cell designs.** Tandem cells, combining traditional silicon with perovskite
layers, have demonstrated laboratory efficiencies exceeding 33% and are expected to
be key in large-scale solar production.*?

Advantages:

e Rapidly falling costs and high economic attractiveness.*

e Scalability from small residential systems to large utility-scale power plants.®

e Mature technology with a robust and expanding global supply chain.?

e Significant potential for further efficiency improvements through advanced
materials and cell designs.*?

Limitations and Challenges:

e Intermittency: Solar PV generation is dependent on sunlight availability, requiring
energy storage or complementary generation sources for continuous supply.**



e Land Use: Large utility-scale solar farms require significant land area, which can
lead to land-use conflicts and ecological impacts if not sited carefully.*
Agrivoltaics, which co-locates solar panels with agriculture, is one approach to
mitigate this."

e Supply Chain Concentration: While the supply chain is developing massively,
there are concerns about geographical concentration in manufacturing,
particularly for modules and key components, which could pose risks.™

e Material Intensity and Recycling: The production of solar panels involves
various materials, including silicon, silver, and glass. Ensuring sustainable sourcing
and developing efficient recycling processes for end-of-life panels are growing
considerations.

The trajectory of solar PV is one of the most dynamic in the energy transition. Its
continued cost reduction, coupled with ongoing technological advancements,
solidifies its role as a primary engine for global decarbonization. However, managing
its intermittency through grid flexibility and storage, addressing land use concerns,
and ensuring supply chain resilience are crucial for realizing its full potential.

B. Wind Power (Onshore and Offshore): Innovations, Deployment, and Challenges

Wind power, harnessing the kinetic energy of air flow to generate electricity, is
another foundational pillar of the renewable energy transition, with both onshore and
offshore applications contributing significantly to decarbonization efforts.*°

Working Principle and Technology:

Wind turbines convert wind energy into rotational energy via their blades, which then drives a
generator to produce electricity through electromagnetic induction.30 The power generated
is proportional to the rotor dimensions and, crucially, to the cube of the wind speed, meaning
a doubling of wind speed can increase power output eightfold.30 Overall generation
efficiency is typically 30-40%.30 Modern large turbines predominantly use three
aerodynamically shaped rotor blades, often made from reinforced fiberglass or advanced
composites like carbon fiber.30 Turbine technology has matured significantly, with average
onshore turbine capacity increasing substantially and the largest commercial turbines
reaching capacities of 8 MW or more.30

Market Trends and Adoption:

Global installed wind capacity has seen substantial growth. By the end of 2015, over 434 GW
was installed worldwide, with China, the US, and Germany leading in annual additions.30 The
International Energy Agency Wind Technology Collaboration Programme (IEA Wind TCP) plays
a vital role in fostering international cooperation on research, development, and deployment
of wind energy technologies.21

Offshore wind is an increasingly important sector, offering higher and more consistent wind
speeds compared to onshore sites, though it comes with higher construction and operational



costs.30 Floating offshore wind technology, suitable for deeper waters where fixed-bottom
foundations are not feasible, is moving from demonstration to commercial phases, opening up
vast new areas for deployment.30

Development and Advancements:

Research and development in wind energy are focused on several key areas:

e Next-Generation Turbines: NREL and other institutions are researching
innovative rotor configurations, advanced adaptive rotor systems, and novel
turbine architectures to reduce the Levelized Cost of Energy (LCOE) and increase
capacity factors, particularly for very large land-based and offshore turbines.*®

e Floating Offshore Wind Systems: Significant R&D is directed towards optimizing
floating foundations, mooring systems, and dynamic cable designs to reduce
costs and improve reliability for deep-water offshore projects.*® International
collaborations like the IEA Wind OC6/OCT projects are validating design codes for
these complex systems.”

e Plant-Level Control: Advanced control strategies, such as wake steering
(directing turbine wakes away from downstream turbines) and consensus control,
are being developed to optimize energy production and reduce losses at the wind
farm level by over 20% in some cases.*®

e Drivetrain Technology and Reliability: Efforts are underway to improve the
reliability of drivetrain components (gearboxes, generators, bearings) and
develop prognostic technologies to reduce operations and maintenance (O&M)
costs, which are a significant factor in wind energy economics.*® Additive
manufacturing (3D printing) is being explored for producing lighter, more efficient
generator components.*

e Blade Materials and Recycling: Advanced composite materials like carbon fiber
are used to create longer, lighter, and more efficient blades.*” However, the
recycling of these thermoset composite blades presents a significant
environmental challenge.*” Research is ongoing into more sustainable blade
materials and recycling processes, such as chemical solvolysis or pyrolysis, and
designing blades for circularity.”

Role in Decarbonization:

Wind power is a key technology for decarbonizing the electricity sector and is, alongside solar
PV, on a 1.5°C compliant trajectory.5 Its continued expansion is critical for meeting climate
targets, with projections suggesting wind and solar could collectively provide 50% of
electricity generation by the 2040s.5

Advantages:

e Zero Fuel Costs and Low Operational Emissions: Wind turbines do not
consume fuel during operation and produce negligible direct CO2 emissions.*
e Cost-Effectiveness: Onshore wind is one of the most cost-competitive sources



of new electricity generation in many regions.*® Offshore wind costs are also
declining with technological advancements and economies of scale.

e Abundant Resource: Wind is a widely available resource, with vast untapped
potential both onshore and offshore.*

Limitations and Challenges:

e Intermittency and Variability: Wind power generation is dependent on wind
speed and availability, requiring grid flexibility solutions like energy storage,
demand response, and robust transmission infrastructure.*°

e Land Use and Visual Impact (Onshore): Large onshore wind farms can require
significant land area and may face public opposition due to visual impact and
noise.* However, land between turbines can often be used for agriculture or
other purposes.*

e Offshore Costs and Complexity: Offshore wind projects involve higher capital
and O&M costs due to the harsh marine environment and complex installation
logistics.*

e Blade Disposal and Recycling: The disposal of non-recyclable composite
blades at the end of their lifespan is a growing environmental concern that the
industry is actively working to address.”

e Environmental Impacts: Concerns include impacts on bird and bat populations,
though mitigation strategies are being developed and implemented.”

e Public Acceptance: Siting of wind farms and associated transmission lines can
face public opposition, requiring careful community engagement and
benefit-sharing mechanisms.”

Wind power's contribution to the energy transition is undeniable. Technological
innovations, particularly in offshore and floating systems, alongside efforts to improve
sustainability through better materials and recycling, will be crucial for maximizing its
decarbonization potential while addressing its inherent challenges.

C. Hydropower: Established Role and Modernization Potential

Hydropower, a mature and widely deployed renewable energy technology, converts
the potential energy of water into electricity and plays a significant role in global
electricity supply and grid stability.*

Working Principle and Technology:

The fundamental principle of hydropower involves using the force of flowing or falling water to
spin a turbine, which in turn drives an electricity generator.32 This technology has been
utilized for electricity generation since the late 19th century.32 Hydropower plants can be
broadly categorized into:



e Dam-with-Reservoir Plants: These facilities store water in a reservoir, allowing
for controlled release to generate electricity. They can range from small dams
with daily regulation to large dams providing seasonal storage.*

e Run-of-the-River Schemes: These plants utilize the natural flow of a river with
minimal or no water storage, often considered more environmentally benign.*

e Pumped Storage Hydropower (PSH): These plants function like large batteries,
pumping water from a lower reservoir to an upper reservoir during periods of low
electricity demand or surplus renewable generation, and releasing it to generate
electricity during peak demand.* PSH is currently the most competitive and
widely deployed technology for large-scale energy storage.®

Different turbine types (e.g., Kaplan, Pelton, Francis) are employed based on the
specific site characteristics, such as water head and flow rate.*> While the basic
machinery has not seen major breakthroughs in decades, computer technology has
significantly improved monitoring, control, and diagnostic systems.*

Market Trends and Adoption:

Hydropower is a globally established technology, with approximately 160 countries utilizing it
for power generation as of 2011.32 It accounted for about 15.8% of global electricity
generation with an installed capacity of 1,060 GWe in 2011.32 China, Brazil, Canada, and the
United States are leading producers.32 The IEA Technology Collaboration Programme on
Hydropower (IEA Hydro) facilitates international cooperation to advance hydropower
technology and its sustainable use.23

While many developed regions have exploited a significant portion of their economically viable
hydropower potential, substantial untapped potential remains globally, particularly in Asia,
Latin America, and Africa (where 92% of potential is undeveloped).32

Development and Advancements:

Current development efforts focus on:

e Modernization and Upgrading: Refurbishing and upgrading existing hydropower
plants can yield efficiency gains of 5-10% or more, often cost-effectively.*

e Small Hydropower: Developing smaller-scale projects, including low-head and
in-stream flow technologies, for distributed generation and rural electrification.*

e Pumped Storage Hydropower: Expanding PSH capacity is critical for integrating
variable renewable energy sources like solar and wind by providing grid flexibility
and storage.’

e Environmental Mitigation: Research and development are aimed at reducing the
environmental impact of hydropower projects, such as developing fish-friendly
turbines and improving water management practices.*

e Hybrid Systems: Exploring wind-hydro and hydrogen-hydro systems.*

Role in Decarbonization:



Hydropower is a significant source of low-carbon electricity. During operation, hydropower
plants produce negligible CO2 emissions, other than those associated with construction and
materials.32 Its ability to provide both baseload power and flexible generation makes it
invaluable for grid stability, especially as the share of intermittent renewables increases.32
PSH, in particular, is a key enabler for higher VRE penetration.5

Advantages:

Mature and Cost-Effective: Existing hydropower plants are often among the
most cost-effective sources of electricity.*?

Low-Carbon and Renewable: Provides clean electricity with a long operational
lifetime (up to 100 years).*

Operational Flexibility and Storage: Reservoirs offer built-in energy storage,
enabling rapid response to demand fluctuations and grid balancing services.*
High Efficiency: Turbines can achieve high efficiencies (up to 92%).*

Multiple Benefits: Dams can also provide flood control, irrigation, and water

supply.®

Limitations and Challenges:

Site Specificity: Hydropower potential is geographically constrained to locations
with suitable water resources and topography.*

High Upfront Costs and Long Lead Times: New large-scale hydropower
projects involve significant initial investment and lengthy development and
construction periods.*

Environmental and Social Impacts: Dam construction can lead to habitat loss,
altered river flows, impacts on aquatic ecosystems and fish migration, and
displacement of communities.*> Greenhouse gas emissions from reservoirs (due
to decomposition of organic matter) are also a concern in some cases.*
Dependence on Hydrology: Power generation can be affected by rainfall
variations and droughts, which may be exacerbated by climate change.*

Public Acceptance: Large hydropower projects often face public opposition due
to their environmental and social consequences.®

R&D Underinvestment: A perception of hydropower as a fully mature technology
sometimes leads to insufficient investment in R&D for further improvements and
modernization.*

Hydropower's established infrastructure and unique capabilities, especially PSH,
ensure its continued importance in the energy transition. However, future
development must prioritize sustainability, minimizing environmental and social
impacts, while focusing on modernizing existing assets and strategically developing



new, environmentally sound projects.

D. Geothermal Energy: Tapping into Earth's Heat

Geothermal energy, derived from the Earth's internal heat, offers a consistent and
reliable source of renewable energy for both electricity generation and direct heating
and cooling applications.*’

Working Principle and Technology:

Conventional geothermal systems tap into naturally occurring hydrothermal
reservoirs—underground pockets of hot water or steam—which are brought to the surface to
drive turbines for electricity generation or used directly for heating.57

A significant advancement is Enhanced Geothermal Systems (EGS), which aim to create
artificial geothermal reservoirs in hot dry rock formations where natural permeability or fluid
saturation is insufficient.57 EGS involves drilling into these hot rocks and injecting fluid at high
pressure to create or enhance a fracture network, allowing water to circulate and absorb heat.
This heated fluid is then extracted to generate power.57

Geothermal heat pumps (GHPs), or ground-source heat pumps, utilize the relatively constant
temperature of the shallow earth as a heat source in winter and a heat sink in summer for
highly efficient space heating and cooling.58

Market Trends and Adoption:

The global geothermal market is expanding, driven by the need for baseload renewable power
and sustainable heating/cooling solutions.59 The EU, for instance, sees significant potential
for geothermal energy to contribute to its REPowerEU plan, with industry estimates
suggesting it could supply over 75% of Europe's heating and cooling and over 15% of its
electricity by 2040.59

International collaboration is fostered through initiatives like the IEA Geothermal Technology
Collaboration Programme (TCP), which supports R&D and deployment of geothermal
technologies, including superhot rock geothermal.25 National research institutions like NREL
in the US are actively involved in advancing EGS technology, resource exploration, direct-use
applications, and market acceleration strategies.58

Development and Advancements:

e Enhanced Geothermal Systems (EGS): EGS is a key area of R&D, aiming to
unlock the vast geothermal potential in non-conventional resources.’” Research
focuses on improving drilling technologies, reservoir stimulation techniques
(hydraulic, chemical, thermal fracturing), and reservoir management to reduce
costs and mitigate risks like induced seismicity.”” The Utah FORGE project is a
major US initiative for EGS technology de-risking.’’

e Superhot Rock Geothermal (SHR): Tapping into extremely high-temperature
zones (>400-C) deep within the Earth's crust offers the potential for significantly
higher energy output.”® The IEA Geothermal TCP is launching a collaboration to
accelerate SHR innovation.”



Closed-Loop Advanced Geothermal Systems: These systems circulate a
working fluid through deep wells in a closed loop, extracting heat without direct
interaction with reservoir rock, potentially reducing water consumption and
seismicity risks.®® NREL is developing simulators for these systems.®°
Geothermal Heating and Cooling: Advancements in geothermal heat pumps
and district heating and cooling (DHC) systems are making them more efficient
and cost-effective for decarbonizing building thermal loads.*® NREL research
includes techno-economic analysis and integration of geothermal DHC with other
energy sources.>®

Raw Material Extraction: Geothermal brines can be a source of critical minerals
like lithium, offering a co-production opportunity that enhances project
economics and supports supply chain diversification.>

Role in Decarbonization:

Geothermal energy provides a unique combination of baseload renewable electricity and
direct heat, making it a valuable asset for decarbonization.57 It can displace fossil fuels in
power generation and, crucially, in the heating and cooling sector, which accounts for a large
share of energy consumption and emissions.3 Its constant output helps stabilize grids with
high shares of variable renewables.57

Advantages:

Baseload and Reliable Power: Geothermal power plants can operate 24/7 with
high capacity factors, providing a consistent and dispatchable source of
renewable energy.®’

Small Land Footprint: Compared to solar PV and wind farms, geothermal power
plants have a significantly smaller surface land footprint per unit of energy
produced.”

Direct Use Applications: Geothermal heat can be used directly for space
heating, district heating, industrial processes, agriculture, and aquaculture,
offering high energy efficiency.”’

Domestic Resource: Geothermal resources are often locally available,
contributing to energy security.*

Limitations and Challenges:

Site Specificity (Conventional): Traditional hydrothermal resources are
geographically limited to areas with specific geological conditions.*” EGS aims to
overcome this but is still developing.

High Upfront Costs: Exploration, drilling, and power plant construction involve
significant upfront capital investment and risks, particularly for EGS projects.”’
Drilling expenses can account for 42% to 90% of EGS project costs.”’



e Induced Seismicity: Fluid injection in EGS projects can potentially induce minor
earthquakes, requiring careful site selection, monitoring, and management
protocols.”

e Water Consumption: Some geothermal technologies, particularly EGS, can
require substantial amounts of water, which can be a concern in arid regions.”’
Closed-loop systems aim to mitigate this.

e Resource Depletion: Sustainable reservoir management is necessary to prevent
depletion of hydrothermal resources over time.

e Policy and Regulatory Frameworks: Comprehensive policies and streamlined
permitting processes are needed to support geothermal development, especially
for EGS.””

Geothermal energy, with its baseload capabilities and direct-use potential, is a vital
component of a diversified renewable energy portfolio. Continued R&D in EGS and
SHR technologies, coupled with supportive policies and risk mitigation strategies, is
essential to unlock its vast global potential for decarbonization.

E. Biomass and Bioenergy: Sustainable Pathways and Considerations

Biomass and bioenergy, derived from organic materials, represent the largest current
source of renewable energy globally and offer versatile pathways for decarbonization
across power, heat, and transport sectors.'”? However, their sustainability is critically
dependent on feedstock sourcing, conversion technologies, and land-use
implications.

Working Principle and Technology:

Bioenergy is energy derived from biomass, which includes a wide range of organic matter
such as agricultural crops and residues, forestry products and wastes, algae, and organic
municipal solid waste.34 This biomass can be converted into useful energy forms (electricity,
heat, liquid or gaseous fuels) through various processes:

e Direct Combustion: Burning solid biomass (e.g., wood pellets, agricultural straw)
to produce heat, which can be used directly or to generate steam for electricity
production.®*

e Gasification: Thermochemically converting biomass into a combustible gas
(syngas), which can then be burned in engines or turbines or used to synthesize
liquid fuels or chemicals.

e Anaerobic Digestion: Biological decomposition of organic matter in the absence
of oxygen to produce biogas (primarily methane and C0O2), which can be used for
heat, electricity, or upgraded to biomethane for injection into natural gas grids.'

e Fermentation/Transesterification: Conversion of sugars, starches, or oils from



biomass into liquid biofuels like bioethanol and biodiesel.**

Market Trends and Adoption:

Bioenergy currently accounts for over 50% of global renewable energy consumption.12 The
IEA Bioenergy Technology Collaboration Programme (TCP) plays a significant role in
coordinating international R&D, deployment, and information exchange on various bioenergy
pathways, including combustion, gasification, biofuels, and biorefining in a circular economy
context.61 Global biofuel production reached 1914 thousand barrels of oil equivalent per day
in 2022, with projections for continued growth.34

Development and Advancements:

A key focus of bioenergy R&D is the development and commercialization of advanced biofuels
to enhance sustainability and reduce competition with food production:

First-Generation Biofuels: Derived from edible feedstocks like corn (for ethanol)
and vegetable oils (for biodiesel).** While technologically mature, they face
criticism regarding land use, food security, and limited GHG reduction potential.
Second-Generation Biofuels: Produced from non-food lignocellulosic biomass,
such as agricultural residues (straw, corn stover), forestry waste, and dedicated
energy crops (e.g., switchgrass).** Technologies include cellulosic ethanol
production and biomass-to-liquids (BtL) processes. These offer improved GHG
balances and reduced land-use conflicts but face challenges in conversion
efficiency and cost.

Third-Generation Biofuels: Derived from algae and microorganisms.** Algae can
offer high productivity per unit area and can be cultivated on non-arable land or
in wastewater, but harvesting and oil extraction remain costly.
Fourth-Generation Biofuels: Involves genetically engineered feedstocks or
microorganisms to enhance biofuel yields and properties, often linked with
carbon capture techniques.*

Role in Decarbonization:
Bioenergy can contribute to decarbonization in several ways:

Replacing Fossil Fuels: Biofuels can directly replace gasoline and diesel in
transport, biogas can replace natural gas for heating and power, and solid
biomass can displace coal in power plants.’

Hard-to-Abate Sectors: Advanced biofuels are considered crucial for
decarbonizing sectors like aviation and shipping, where direct electrification is
challenging."

Negative Emissions (BECCS): When biomass combustion or conversion is
combined with Carbon Capture and Storage (BECCS), it can result in net negative
CO2 emissions, as the CO2 absorbed by the biomass during its growth is
captured and permanently stored.** This is considered a critical technology in



many deep decarbonization scenarios.

Advantages:

Versatility: Can produce solid, liquid, and gaseous fuels, as well as heat and
electricity.*

Waste Utilization: Can utilize agricultural, forestry, and municipal organic wastes,
contributing to waste management and a circular economy.’

Dispatchable Power: Biomass power plants can provide dispatchable
(on-demand) renewable electricity, complementing intermittent sources like solar
and wind.

Compatibility: Liquid biofuels can often be blended with or directly replace
conventional transport fuels using existing infrastructure.*

Rural Development: Biomass production and processing can create jobs and
economic opportunities in rural areas.**

Limitations and Challenges:

Sustainability of Feedstocks: This is the most critical challenge. Unsustainable
biomass sourcing can lead to deforestation, biodiversity loss, soil degradation,
and competition with food production for land and water resources.? Robust
sustainability criteria and certification schemes are essential.

Lifecycle GHG Emissions: The net GHG benefit of bioenergy depends heavily on
the feedstock type, land-use change dynamics, cultivation practices, processing
efficiency, and transport logistics. Some bioenergy pathways can have high
lifecycle emissions if not managed carefully.**

Conversion Efficiency and Cost: Advanced biofuel technologies (second and
third generation) often have higher production costs and lower conversion
efficiencies compared to first-generation biofuels or fossil fuels, hindering their
widespread adoption.*

Air Pollution: Combustion of biomass can release particulate matter and other air
pollutants if not equipped with advanced emission control technologies.*
Logistics and Infrastructure: Collection, transport, and storage of bulky
biomass feedstocks can be complex and costly.

The sustainable deployment of bioenergy requires a careful, science-based approach,
prioritizing genuinely sustainable feedstocks, advanced conversion technologies, and
integration within a circular bioeconomy framework. While it offers unique advantages
for certain applications and as a potential negative emissions technology, its role in
the energy transition must be carefully managed to avoid unintended negative



environmental and social consequences.

F. Comparative Analysis: Performance, Cost, and Environmental Footprint

A comparative analysis of renewable energy technologies is essential for informed
decision-making in the energy transition. Each technology presents a unique profile of
performance characteristics, economic viability, and environmental impacts.

Performance:

Capacity Factor: This metric indicates the actual output of a power plant over a
period compared to its maximum possible output. Hydropower and geothermal
energy typically offer high capacity factors, providing baseload or dispatchable
power.* Wind power capacity factors vary (onshore typically 25-45%, offshore
40-50%+), while solar PV is lower (typically 15-30%) due to its diurnal and
seasonal variability.” Biomass plants can also have high capacity factors if
feedstock supply is consistent.

Intermittency: Solar PV and wind are variable renewable energy (VRE) sources,
their output fluctuating with weather conditions. This necessitates grid flexibility
solutions like energy storage, demand response, and robust grid
interconnections.” Hydropower (especially with reservoirs), geothermal, and
biomass can be more dispatchable.

Cost:

Levelized Cost of Energy (LCOE): Solar PV and onshore wind have seen
dramatic LCOE reductions, often becoming the cheapest sources of new
electricity generation in many regions.* The LCOE for solar PV can be as low as
$0.03-$0.05/kWh, and for onshore wind around $0.03-$0.06/kWh in favorable
locations. Offshore wind LCOE is higher but declining. Hydropower LCOE is low
for existing plants but can be high for new large-scale projects. Geothermal LCOE
is competitive for baseload power but sensitive to drilling costs.”” Biomass LCOE
varies significantly with feedstock cost and technology.

Capital Costs: Solar PV and wind have moderate capital costs per MW, but large
land requirements can add to project costs. Hydropower and geothermal have
high upfront capital costs for new installations.*> Nuclear also has very high
upfront capital costs.®’

Environmental Footprint:

Lifecycle GHG Emissions: Most renewable technologies have very low lifecycle
GHG emissions compared to fossil fuels. Nuclear power also has very low



operational emissions.®® Wind and solar PV typically range from 10-50

gCO2eq/kWh, hydropower can vary widely (5-200+ gC0O2eq/kWh depending on
reservoir emissions), and geothermal is generally low (5-50 gCO2eq/kWh).®®
Biomass emissions are highly dependent on feedstock sustainability and land-use
change; BECCS can achieve negative emissions.®®
e Land Use Intensity: Solar PV (utility-scale) and biomass generally have higher
land use intensity per unit of energy generated compared to wind (especially
offshore), geothermal, and nuclear.** Run-of-river hydro has lower land impact
than reservoir hydro.* NREL data suggests nuclear has the lowest median
land-use intensity (7.1 ha/TWh/year), while biomass is the highest (58,000
ha/TWh/year). Wind (footprint only) is 130 ha/TWh/year, and ground-mounted

solar PV is 2,000 ha/TWh/year.*

e Water Consumption: Solar thermal power plants and some biomass conversion
processes can have significant water footprints.*> Hydropower impacts water
resources through flow alteration and evaporation from reservoirs. Geothermal
plants can consume water, especially EGS. Solar PV manufacturing also requires
water, though operational water use is minimal.”> Wind power has a very low water

footprint.

e Material Intensity: The construction of renewable energy infrastructure (solar
panels, wind turbines, etc.) requires significant amounts of materials like steel,
concrete, copper, and specialized minerals (e.g., silicon for PV, rare earths for
some wind turbines).” Ensuring sustainable sourcing and recycling of these

materials is crucial.

Table 1: Comparative Analysis of Key Renewable Energy Technologies

Technolo Typical LCOE Land Use Water Lifecycle Technolo
ay Capacity (USD/MW Intensity Consump GHG ay
Factor h range) (Direct, tion Emissions Readines
(%) m*/MWh/ (Operatio (gCO2eq/ s Level
yr) nal, kWh, (TRL)
m*/MWh) median)
Solar PV 15-30 30-60 20-50 Negligible ~40 9
(Utility)
Onshore 25-45 30-70 1-5 Negligible ~12 9
Wind (turbine
footprint);
50-150




(spacing)
Offshore 40-55+ 70-150 Negligible Negligible ~15 8-9
Wind (sea-base
d)
Hydropow 40-90 20-80 Variable Variable ~24 9
er (reservoir (existing); (low for (evaporati (global
dependen 50-200 run-of-riv on, flow median,
t) (new) er, high for alteration) wide
large range)
reservoirs)
Geotherm 70-90+ 50-100 0.5-5 Variable ~38 7-9
al (0.02-0.2 (hydrother
for binary, mal); 5-7
higher for (EGS)
flash/EGS)
Biomass 70-85 60-150 Very High Variable Highly 9
(Direct (feedstock (crop Variable
Combusti dependen irrigation, (20-200+,
on) t) processin can be
9) negative
with
BECCS)

Sources: Synthesized from.4 TRLs are indicative.
Note: LCOE, Land Use, Water Consumption, and GHG Emissions are highly site-specific and
technology-dependent; ranges are indicative.
This comparative analysis reveals that while solar PV and wind are leading the charge
due to rapid cost declines and scalability °, a diversified portfolio of renewable
technologies is essential. Mature technologies like hydropower offer stability and

storage, while emerging options like advanced geothermal and sustainable bioenergy
pathways are needed to address specific decarbonization challenges.** The
environmental and social footprints of all renewable technologies, including land use,
water consumption, material intensity, and public acceptance, must be carefully
managed through strategic siting, technological innovation, and robust policy
frameworks to ensure a truly sustainable energy transition.*” The interplay between
technological costs, supportive policies, and resilient supply chains is a critical



determinant for the successful scale-up of each renewable energy source.®

lll. Enabling Flexibility: Energy Storage Systems

As the global energy system increasingly relies on variable renewable energy (VRE)
sources like solar and wind, energy storage systems (ESS) become indispensable for
ensuring grid stability, reliability, and the efficient utilization of clean power.”® ESS
technologies bridge the gap between intermittent generation and fluctuating demand,
providing crucial flexibility. This section explores the diverse landscape of energy
storage, covering electrochemical, thermal, hydrogen-based, and mechanical
systems.

A. Electrochemical Storage

Electrochemical storage, primarily batteries, has emerged as a rapidly growing and
versatile solution for a range of applications, from electric vehicles (EVs) to grid-scale
services."”

1. Lithium-lon Batteries (LFP, NMC, NCA, LMO, LTO): Chemistries, Performance,
Cost, and Supply Chain

Lithium-ion (Li-ion) batteries have become the dominant electrochemical storage
technology due to significant cost reductions—a 90% decrease since 2010 to below
USD 140/kWh by 2023—and continuous improvements in performance, including
higher energy densities and longer lifetimes.” They are central to both EV and
stationary storage applications.”

Working Principle: Li-ion batteries operate by the movement (intercalation) of lithium
ions between a positive electrode (cathode) and a negative electrode (anode)
through an electrolyte during charge and discharge cycles.”

Key Chemistries and Performance:
Several Li-ion chemistries are prominent, each with distinct characteristics:
e Lithium Iron Phosphate (LFP - LiFePO4):

o Performance: Known for its excellent safety, high thermal stability, and long
cycle life (typically >3,000-7,000 cycles, potentially up to 12,000).” It has a
lower nominal voltage (3.2V) and energy density (90-160 Wh/kg) compared to
nickel-based chemistries.”” LFP batteries exhibit a flat discharge curve and
can handle high charge/discharge rates.’™

o Cost & Supply Chain: Generally lower cost due to the abundance of iron and
phosphate and the absence of cobalt and nickel.” This reduces supply chain
vulnerabilities associated with these critical materials.”



o Market Adoption: Rapidly gaining market share, especially for stationary grid
storage (accounting for 80% of new battery storage in 2023) and in
entry-level and standard-range EVs."”

o Recycling: Considered easier to recycle due to less toxic materials.™

e Lithium Nickel Manganese Cobalt Oxide (NMC - LiNixMnyCo0z02):

o Performance: Offers higher energy density (150-220 Wh/kg) and slightly
higher power densities than LFP.” Cycle life is typically 1,000-2,000 cycles.™
Different ratios of Ni, Mn, and Co (e.g., NMC 111, 622, 811) allow for tailoring of
properties, with higher nickel content increasing energy density but
potentially impacting stability.”

o Cost & Supply Chain: Historically lower capital cost than LFP due to
established EV supply chains, but reliant on cobalt and nickel, which have
price volatility and geopolitical supply risks.”

o Market Adoption: Dominant chemistry for many EVs due to higher energy
density.®’

o Recycling: More complex due to cobalt content, but recovery of valuable
metals is an economic driver.®

e Lithium Nickel Cobalt Aluminum Oxide (NCA - LiNiCoAlO2):

o Performance: Similar to NMC, offering high energy density (200-260 Wh/kg)
and good lifespan (around 1,000-2,000 cycles).”

o Safety: Safety rating can be slightly lower than NMC."™

o Market Adoption: Used in some EV applications.”™

e Lithium Manganese Oxide (LMO - LiMn204):

o Performance: Offers high power output (high C-rates) and good thermal
stability but lower energy density (100-150 Wh/kg) and shorter cycle life
(300-700 cycles) compared to LFP or NMC."

o Cost: Manganese is abundant and less expensive.”

o Market Adoption: Used in power tools and some smaller EVs.”

e Lithium Titanate Oxide (LTO - Li4Ti5012 anode):

o Performance: Exceptional cycle life (7,000-20,000+ cycles), very fast
charging/discharging capabilities (high C-rates), and excellent safety and
low-temperature performance.”” However, it has a lower energy density
(50-80 Whrkg) and lower nominal voltage (2.4V).”

o Market Adoption: Niche applications requiring high power, long life, and
safety, such as some EVs, heavy machinery, and potentially grid services.”

Installed Costs for Grid-Scale Systems:
The Pacific Northwest National Laboratory (PNNL) reported in 2020 that for fully installed 100
MW, 10-hour battery systems, projected costs were: LFP at $356/kWh and NMC at



$366/kWh.85 The DC storage block (battery modules) typically accounts for nearly 40% of
these total installed costs.85 These costs are expected to decline further with ongoing
innovation and manufacturing scale-up.75
Supply Chain and Recycling:
The Li-ion battery supply chain is characterized by high geographical concentration of critical
raw materials (lithium, cobalt, nickel, graphite, manganese) and refining capacity, with China
playing a dominant role in processing and cell production.15 This concentration poses supply
risks and geopolitical concerns. LFP chemistry mitigates some of these by avoiding nickel and
cobalt.75
Recycling of Li-ion batteries is crucial for resource sustainability and mitigating supply risks.87
NREL's LIBRA model helps assess the economic viability and impacts of recycling.90 Key
recycling processes include:
e Pyrometallurgy: High-temperature smelting, mature but energy-intensive, with
lower recovery for lithium.®*
e Hydrometallurgy: Chemical leaching, offering higher recovery rates for Co and
Ni (>95%) but generates chemical waste.®
e Direct Recycling: Emerging approach aiming to refurbish cathode materials,
preserving their structure and reducing energy use, but faces challenges in
scaling and handling mixed chemistries.** The economic viability of recycling
varies by chemistry, with NMC/NCA being more attractive due to higher valuable
metal content compared to LFP.2

The dominance of Li-ion technology is clear, but its continued evolution and the
management of its supply chain are critical. The trend towards LFP for stationary
storage reflects a strategic move towards chemistries with more abundant materials
and enhanced safety, even if it means slightly lower energy density.

2. Emerging Battery Technologies (Sodium-ion, Flow Batteries, Solid-State)

While Li-ion batteries currently lead, research and development are actively pursuing
alternative and next-generation battery technologies to address limitations related to
cost, resource availability, safety, and performance for specific applications,
particularly long-duration storage.

e Sodium-ion (Na-ion) Batteries:

o Working Principle: Analogous to Li-ion batteries, Na-ion batteries utilize the
movement of sodium ions between the anode and cathode during charge and
discharge cycles.”

o Advantages: The primary advantage is the abundance and low cost of sodium,
a widely available element found in seawater and mineral deposits, which can
significantly reduce raw material expenses compared to lithium.’> Na-ion
batteries also offer potential for lower environmental impact during material



extraction and production, and can utilize aluminum current collectors instead
of more expensive copper, further reducing costs.” They generally exhibit
good safety characteristics, with reduced risk of thermal runaway.”
Limitations: Current Na-ion batteries typically have lower energy density
(around 75-160 Wh/kg) compared to Li-ion (120-260 Wh/kg), and may have
slower charging times and shorter cycle lives in some designs.?' The larger
size of the sodium ion (compared to lithium) also presents challenges for
electrode material design and intercalation chemistry.”

Development Status & Outlook: Na-ion technology is rapidly advancing and is
considered a promising alternative to Li-ion, especially for stationary energy
storage where energy density is less critical than cost and safety.” The IEA
projects Na-ion batteries will make up a growing share of batteries for energy
storage and provide less than 10% of EV batteries by 2030, with production
costs potentially 30% less than LFP batteries.”

e Flow Batteries (Vanadium Redox, Zinc-based, Iron-flow, Organic):

o

Working Principle: Flow batteries store energy in liquid electrolytes held in
external tanks. During operation, these electrolytes are pumped through an
electrochemical cell (stack) where redox reactions occur, converting chemical
energy to electrical energy and vice versa. A key feature is the decoupling of
energy capacity (determined by electrolyte volume) and power output
(determined by stack size).**

o Advantages: Highly scalable energy capacity (suitable for long-duration

o

storage, 10+ hours), long cycle life (often tens of thousands of cycles with

minimal degradation by simply replacing electrolyte), and good safety profiles

as active materials are stored separately.”

Specific Chemistries:

m Vanadium Redox Flow Batteries (VRFBs): One of the most mature flow
battery technologies, using vanadium ions in different oxidation states.
PNNL's 2020 assessment estimated installed costs for a 100 MW, 10-hour
VRFB system at $399/kWh.?°

m Zinc-based Flow Batteries (e.g., Zinc-Bromine, Zinc-Air): Utilize zinc as an
active material. Zinc-bromine (Zn-Br) offers 100% depth of discharge and
good cycle life but has faced challenges with dendrite formation, lower
round-trip efficiency (<70%), and commercial reliability.'*°

m I/ron-Flow Batteries (IRFBs): Use abundant and low-cost iron salts in the
electrolyte. Offer safety and potential for long lifetime (>10,000 cycles),
with companies like ESS Inc. developing systems for 4-12 hour storage.’

m Organic Flow Batteries (OFBs): Employ carbon-based organic molecules
as active materials, offering potential for sustainability, lower toxicity, and



avoidance of rare metal reliance. They are scalable and have long
lifespans but may have lower energy density and face electrolyte stability
challenges.”

o Limitations: Generally lower energy density and round-trip efficiency (typically
50-80%) compared to Li-ion batteries. The system includes pumps and tanks,
adding to complexity and balance-of-plant costs.”

o Development Status & Outlook: VRFBs are commercially available. Other
chemistries like iron-flow and organic flow batteries are emerging and show
promise for cost-effective, long-duration grid storage. The US DOE views flow
batteries as a potential breakthrough for stationary storage.”

e Solid-State Batteries (SSBs):

o Working Principle: Replace the liquid electrolyte in conventional Li-ion
batteries with a solid electrolyte material (ceramic, polymer, or composite).
This can enable the use of high-capacity lithium metal anodes.®°

o Advantages: Potential for significantly higher energy density (aiming for >400
Wh/kg), enhanced safety (non-flammable solid electrolyte reduces thermal
runaway risk), longer cycle life (potentially >10,000 cycles), wider operating
temperature range, and faster charging capabilities.®

o Limitations: Significant manufacturing challenges and higher costs currently
hinder widespread adoption. Maintaining stable, low-resistance interfaces
between solid components is difficult. Issues like lithium dendrite penetration
through the solid electrolyte, mechanical degradation of brittle electrolytes,
and lower ionic conductivity in some solid electrolytes (compared to liquids)
at room temperature still need to be overcome.®°

o Development Status & Outlook: SSBs are under intensive R&D by numerous
companies and research institutions. Key electrolyte material types include
sulfides (high ionic conductivity but sensitive to moisture), oxides (stable but
can be brittle and have high interfacial resistance), and polymers (scalable but
may require higher operating temperatures).'®> While often viewed as a
next-generation technology primarily for EVs, their safety and longevity
benefits also make them attractive for future grid-scale applications if costs
can be reduced. The market for SSBs is projected to reach US$9 billion by
2035."%° NREL is exploring solid-state, lithium-air, and magnesium-ion
technologies.”*®

These emerging battery technologies represent a dynamic field of innovation. Their
successful development and commercialization are crucial for diversifying energy
storage options, particularly for applications requiring longer duration, enhanced



safety, or reduced reliance on supply-constrained critical materials.

B. Thermal Energy Storage (TES): Sensible, Latent (PCMs), and Thermochemical
Storage

Thermal Energy Storage (TES) systems capture and store thermal energy for later use
in heating or cooling applications, or for power generation. TES plays a crucial role in
decoupling energy supply and demand, enhancing energy efficiency, and integrating
renewable energy sources, particularly solar thermal and geothermal, as well as
utilizing waste heat.* The global TES market is projected to triple in size by 2030, from
234 GWh in 2019 to over 800 GWh.*

Working Principles and Types:

1. Sensible Heat Storage:

o

Principle: Stores thermal energy by changing the temperature of a storage
medium (solid or liquid) without changing its phase. The amount of energy
stored depends on the material's specific heat capacity, the temperature
change, and the mass of the material.”

Materials: Common materials include water (for hot water tanks), molten salts
(e.g., in Concentrated Solar Power - CSP plants), rocks, concrete, and sand.*
Applications: Hot water storage for buildings, large-scale heat storage for
district heating (e.g., Tank TES - TTES, Underground TES - UTES),
high-temperature storage for CSP plants to enable electricity generation after
sunset.* Molten salt storage in CSP plants is a well-established application,
projected to grow from 491 GWh to 631 GWh by 2030.% NREL is researching
advanced molten chloride salts for CSP to achieve higher operating
temperatures and efficiency.'*®

Advantages: Simple technology, relatively low cost, well-understood
mechanisms.'”’

Limitations: Lower energy storage density compared to latent heat or
thermochemical storage, requiring larger volumes for significant energy
storage. Heat loss over time can be an issue if not well insulated. For molten
salts, challenges include corrosivity at high temperatures and the risk of
freezing (e.g., nitrate salts freeze around 400-C).'*

2. Latent Heat Storage (Phase Change Materials - PCMs):

o

Principle: Stores thermal energy by utilizing the latent heat absorbed or
released when a Phase Change Material (PCM) undergoes a phase transition,
typically between solid and liquid, at a near-constant temperature.”
Materials:

m Organic PCMs: Paraffins, fatty acids, sugar alcohols. Advantages include



congruent melting, self-nucleating properties, chemical stability, and
compatibility with common materials. Disadvantages include low thermal
conductivity, potential flammability, and lower volumetric storage
capacity."’

m Inorganic PCMs: Salt hydrates. Advantages include high volumetric latent
heat storage capacity, availability, low cost, sharp melting point, high
thermal conductivity, and non-flammability. Disadvantages include
incongruent melting, phase separation, supercooling (requiring nucleating
agents), and potential corrosivity.""’

m Eutectic PCMs: Mixtures of substances that melt and freeze congruently
at a single temperature.

m Solid-Solid PCMs: Undergo phase transition within the solid state,
avoiding issues with liquid handling.'”

o Applications: Building temperature regulation (reducing HVAC load), solar

(¢]

thermal systems, industrial waste heat recovery, temperature-controlled
transport, and thermal management of electronics.'® USF is developing
low-cost, high-temperature PCMs (stable at 600-1000-C) for solar thermal
and nuclear power storage, using electroless encapsulation to enhance heat
transfer.'

Advantages: High energy storage density compared to sensible heat storage,
isothermal (constant temperature) storage and release, compact design.'’
Limitations: Low thermal conductivity of many PCMs (hindering
charge/discharge rates), supercooling, phase segregation, volume change
during phase transition, stability over many cycles, and cost of some
advanced PCMs."?’ Research focuses on enhancing thermal conductivity (e.g.,
using nanocomposites, metal foams, MOFs) and microencapsulation for
better integration.'”

3. Thermochemical Storage (TCS):

o

Principle: Stores thermal energy via reversible chemical reactions. Heat is
absorbed during an endothermic reaction (charging), and the chemical
products are stored separately. When heat is needed, the products are
recombined in an exothermic reaction (discharging), releasing the stored
energy.'”’

Materials: Involves pairs of reactants, often solid-gas systems like metal
hydrides, salt hydrates, or carbonates (e.g., CaO/Ca(OH)2). Sorption
processes (absorption and adsorption) are also a form of TCS."?

o Applications: Potential for long-duration and seasonal energy storage,

high-temperature industrial heat, and solar energy storage."®

o Advantages: Very high energy storage density (potentially 5-10 times higher



than sensible or latent heat storage), potential for long-term (seasonal)
storage with minimal heat loss (as energy is stored chemically), and ability to
transport stored energy as chemical products.'’

o Limitations: Technology is generally less mature (TRL 3-7 for many chemical
reaction systems, though sorption heat pumps are TRL 9)."" Challenges
include material stability over repeated cycles, slow reaction kinetics, complex
reactor design, heat and mass transfer limitations within reactive beds,
system complexity, and cost of materials and reactors.'™ The regeneration
temperature of the thermochemical material (TCM) is a critical aspect.

Role in Decarbonization and Future Outlook:

TES technologies are vital for improving energy efficiency and enabling higher shares of VRE.
They allow for the effective use of waste heat from industrial processes and the storage of
surplus renewable electricity converted to heat. In buildings, TES can significantly reduce
peak loads for heating and cooling, enhancing grid stability and reducing reliance on fossil
fuels.36 NREL is actively researching TES for building decarbonization, focusing on thermal
storage materials, components, and hybrid systems, though noting that commercially
available options like ice storage are mainly for cooling in large buildings and solutions for
heating are also needed for full electrification.106

Future development will focus on improving the cost-effectiveness, energy density, durability,
and thermal conductivity of TES materials and systems. For PCMs, advancements in
nanocomposites and encapsulation are key. For TCS, research into new materials with better
cycling stability and reaction kinetics, as well as optimized reactor designs, is crucial for
commercial viability.107 Investments to drive technological development, enhance market pull,
and holistic energy policies are needed to unlock rapid growth in TES deployment.36

C. Hydrogen as an Energy Vector: Production, Storage, and Reconversion

Hydrogen is increasingly recognized as a versatile energy carrier with the potential to
play a critical role in decarbonizing sectors where direct electrification is challenging,
such as heavy industry, long-haul transport, and long-duration energy storage.* Its
role as an energy vector involves its production (ideally from low-carbon sources),
storage, transportation, and subsequent reconversion to usable energy or direct use
as a fuel or feedstock.

Production:
The carbon intensity of hydrogen is denoted by a “color" system:

e Green Hydrogen: Produced via electrolysis of water using renewable electricity
(e.g., solar, wind). This pathway is considered zero-emission during production
and is the ultimate goal for a decarbonized hydrogen economy.' Key electrolyzer
technologies include:

o Alkaline Electrolyzers (AEL): Mature, lowest cost, but lower current density.™°
o Proton Exchange Membrane (PEM) Electrolyzers: Faster response, higher



current density, more compact, but higher cost due to precious metal
catalysts (platinum, iridium).'*°

o Solid Oxide Electrolysis Cells (SOEC): Operate at high temperatures, offering
higher efficiency and potential to use waste heat, but are less mature.”” Green
hydrogen currently costs 2-3 times more than grey hydrogen, but costs are
expected to fall due to cheaper renewables and electrolyzer manufacturing
scale-up.®

Blue Hydrogen: Produced from natural gas via Steam Methane Reforming (SMR)

or Autothermal Reforming (ATR), with the associated CO2 emissions captured and

stored (CCUS). This results in low-carbon hydrogen (1-4 tCO2/tH2) but relies on

the effectiveness and permanence of CCS and control of methane leakage."™ It is

currently the cheapest "clean" alternative to grey hydrogen."®

Grey Hydrogen: Produced from fossil fuels (mostly SMR without CCUS),

accounting for over 95% of current hydrogen production. It is highly

carbon-intensive (10-19 tCO2/tH2)."®

Turquoise Hydrogen: Produced via methane pyrolysis, splitting natural gas into

hydrogen and solid carbon. This is an emerging technology with potential for low

emissions if the energy for pyrolysis is renewable and the solid carbon is

permanently stored or utilized."®

Other Pathways: Include biomass gasification with CCS, and direct solar water

splitting (photolytic), which are at earlier stages of development.*°

Storage Methods:
Storing hydrogen efficiently and cost-effectively is a major challenge due to its low volumetric
energy density at ambient conditions.117

Compressed Hydrogen Gas (CGH2): Stored at high pressures (350-700 bar) in
composite tanks (Type lll, IV, and emerging Type V). Mature technology but
requires significant compression energy and robust tanks.'”

Liquid Hydrogen (LH2): Stored cryogenically at -253°C. Offers higher volumetric

density than CGH2 but involves energy-intensive liquefaction (consuming >30% of

hydrogen's energy content) and boil-off losses.™° Primarily used in aerospace,
with potential for large-scale transport.'’

Material-Based Storage:

o Metal Hydrides: Hydrogen stored by chemical bonding with metals/alloys.
Offer good safety and volumetric density but often require high temperatures
for hydrogen release and face challenges with weight and kinetics.'*

o Sorbents (e.g., MOFs, carbon nanomaterials): Hydrogen adsorbed onto
surfaces of porous materials. Potential for high gravimetric density at
cryogenic temperatures, but capacity at ambient temperatures is low.'*



o Liquid Organic Hydrogen Carriers (LOHCs): Hydrogen chemically bound to
liquid organic compounds, allowing for easier handling and transport similar
to conventional liquid fuels. Requires catalytic
hydrogenation/dehydrogenation, which can be energy-intensive.'”

Underground Hydrogen Storage (UHS): Large-scale storage in salt caverns,

depleted oil/gas reservoirs, or aquifers. Suitable for seasonal storage and

strategic reserves, offering high capacity at potentially lower cost than other
methods for very large volumes."

Reconversion to Electricity/Heat (Utilization):

Fuel Cells: Convert hydrogen electrochemically into electricity and heat with high
efficiency and zero local emissions. PEMFCs are common for transport, while
SOFCs offer higher efficiency for stationary power/CHP.™°

Combustion in Turbines/Boilers: Hydrogen can be burned directly in modified
gas turbines or boilers to produce power or heat. Co-firing with natural gas is a
transitional option.”' Challenges include NOx emissions management and
material compatibility at high hydrogen concentrations.™’

Direct Use as Fuel/Feedstock: In industry (e.g., steel DRI, ammonia, refining) and
transport (e.g., FCEVs, shipping, aviation with synthetic fuels).®®

Role in Decarbonization, Advantages, and Limitations:

Hydrogen offers a pathway for long-duration energy storage (GWh to TWh scale), enabling
the integration of high shares of VRE and providing seasonal balancing.115 It is crucial for
decarbonizing "hard-to-abate" sectors like steel, cement, chemicals, heavy-duty transport,
shipping, and aviation, where direct electrification is often impractical or prohibitively
expensive.40

Advantages: Versatility as an energy carrier and feedstock, high energy density
by weight, zero emissions at point of use (if green hydrogen is used in fuel cells),
potential for large-scale and long-term storage.

Limitations: Current high cost of clean hydrogen production (especially green),
energy efficiency losses in the production-storage-reconversion chain, significant
infrastructure investment requirements for a full hydrogen economy, safety
considerations due to flammability and embrittlement potential, and water
demand for electrolysis.®® Public acceptance for new hydrogen infrastructure is
also a factor.®

The development of a global hydrogen economy is a complex undertaking requiring
coordinated efforts in technology innovation, infrastructure build-out, policy support
(including international standards and certification for "colors" of hydrogen), and
market creation.*® While challenges are significant, the potential of hydrogen to



contribute to deep decarbonization makes it a critical component of future energy
systems.

D. Mechanical Storage: Pumped Hydro, CAES, and Flywheels

Mechanical energy storage systems utilize physical principles such as gravity or
kinetic energy to store and release electricity. These technologies, particularly
Pumped Hydro Storage (PHS), represent some of the most mature and
largest-capacity storage solutions available today.

e Pumped Hydro Storage (PHS):

o

Working Principle: PHS systems operate by pumping water from a lower
reservoir to an upper reservoir during periods of low electricity demand or
surplus generation (charging). When electricity is needed, the water is
released from the upper reservoir, flowing down through turbines to generate
electricity (discharging).® This essentially uses gravitational potential energy.
Maturity and Adoption: PHS is the most widely deployed grid-scale energy
storage technology globally, accounting for over 90% of the world's electricity
storage capacity, with around 160 GW installed as of 2021." It is a mature and
proven technology.

Advantages: Offers large-scale storage capacity (hundreds of MW to GW
scale), long-duration storage capability (typically 6-20 hours, but can be
much longer), high round-trip efficiency (70-85%), long operational lifespan
(50+ years), and fast response times for grid services.>

Limitations: Requires specific geographical and hydrological conditions (two
reservoirs with significant elevation difference), high upfront capital costs,
long construction times, and can have significant environmental and social
impacts related to dam construction, land inundation, and alteration of water
ecosystems.>

Role: Crucial for grid balancing, load management, and integrating
intermittent renewables.*

e Compressed Air Energy Storage (CAES):

o

Working Principle: CAES systems store energy by compressing air and storing
it in underground geological formations (e.g., salt caverns, depleted gas
reservoirs, aquifers) or, less commonly, in above-ground vessels. During
periods of high electricity demand, the compressed air is released, heated
(often with natural gas in diabatic systems), and expanded through a turbine
to generate electricity.>® Adiabatic CAES aims to store the heat of
compression and reuse it during expansion, improving efficiency and avoiding
fossil fuel use.*



o Maturity and Adoption: A less mature technology than PHS with only a few
large-scale plants operational worldwide. Deployment is highly dependent on
suitable geological formations."™

o Advantages: Offers potential for large-scale, long-duration energy storage
(6-24+ hours, 200-500 MW capacity).*

o Limitations: Lower round-trip efficiency (40-70% for diabatic CAES,
potentially higher for adiabatic) compared to PHS or batteries. Diabatic CAES
systems rely on fossil fuels (typically natural gas) for heating the air during
expansion, which results in GHG emissions. Significant geographical
constraints for underground storage. High capital costs.>

o Role: Grid-scale energy storage, peak shaving, and renewable energy
integration.

e Flywheel Energy Storage (FES):

o Working Principle: FES systems store energy in the form of rotational kinetic
energy by accelerating a rotor (flywheel) to very high speeds in a low-friction
environment (often using magnetic bearings and a vacuum enclosure).
Electrical energy is used to accelerate the flywheel (charging), and when
needed, the rotational energy is converted back into electricity by using the
motor as a generator (discharging).*

o Maturity and Adoption: A mature technology for niche applications requiring
high power and frequent, short charge/discharge cycles. Not typically used
for bulk, long-duration energy storage.*

o Advantages: Very fast response times (milliseconds), high power density, long
cycle life (tens to hundreds of thousands of cycles with minimal degradation),
high round-trip efficiency (up to 90% or more for advanced systems), and
relatively low environmental impact during operation.

o Limitations: Limited energy storage capacity (typically providing power for
seconds to minutes, not hours), making them unsuitable for long-duration
applications. Relatively high capital cost per unit of energy stored (USD/kWh)
compared to other technologies, though cost per unit of power (USD/kW) can
be competitive for high-power applications. Safety concerns related to
high-speed rotating masses require robust containment systems. ™’

o Role: Primarily used for grid services like frequency regulation, voltage
support, power quality improvement, and uninterruptible power supplies
(UPS).>®

Mechanical storage systems, with PHS as the dominant technology, provide essential
large-scale storage capabilities. While CAES and FES have more specialized roles,
they contribute to the portfolio of solutions needed for a flexible and reliable grid. The



"duration dilemma" is evident here: PHS and CAES are suited for longer durations,
while flywheels excel at high-power, short-duration services, underscoring the need
for a diverse range of storage technologies matched to specific grid requirements.

E. Role in Grid Stability and Renewable Integration

Energy storage systems are fundamental to ensuring the stability and reliability of
modern power grids, especially as the penetration of variable renewable energy
sources like solar and wind increases.*® Their ability to absorb, store, and reinject
electricity provides a critical buffer against the fluctuations inherent in VRE generation
and demand.

Key Roles of Energy Storage:

1. Balancing VRE Intermittency: Storage systems charge during periods of surplus
VRE generation (e.g., sunny or windy conditions when demand is low) and
discharge when VRE output is low or demand is high. This smooths out the
variability of renewables, transforming them into more predictable and
dispatchable resources. This capability is crucial for maximizing the utilization of
renewable energy and minimizing curtailment.®

2. Providing Ancillary Services for Grid Stability:

o

@)

Frequency Regulation: Storage can rapidly inject or absorb power to
maintain grid frequency within tight operational limits, which is essential for
grid stability, especially as the inertia provided by conventional synchronous
generators decreases with higher VRE shares.*® Technologies like batteries
and flywheels are particularly adept at this due to their fast response times.>
Voltage Support: Storage systems, often through smart inverters, can
provide reactive power support to maintain voltage levels across the grid,
preventing voltage sags or swells.™

Ramping Support: Storage can help manage steep ramps in net load
(demand minus VRE generation), for instance, when solar output declines
rapidly in the evening while demand is still high.>®

Black Start Capability: In the event of a widespread blackout, certain
storage systems (e.g., some batteries, PHS) can provide the power needed to
restart generating units and restore the grid without relying on external power
sources.™

3. Meeting Peak Demand and Deferring Infrastructure Investments:

o

Peak Shaving: Storage can discharge during peak demand periods, reducing
the need to run expensive and often less efficient fossil fuel "peaker" plants,
thereby lowering overall system costs and emissions.™

Transmission and Distribution (T&D) Deferral: Strategically located storage



can alleviate congestion on T&D lines and defer or avoid the need for costly

grid upgrades by managing local supply and demand imbalances.” This

"non-wires alternative" is an increasingly recognized value stream for storage.
4. Enhancing Grid Resilience:

o Storage provides backup power during grid outages caused by extreme
weather events, equipment failures, or other disruptions, improving the
resilience of critical facilities and communities.*

o Itis a key component of microgrids, enabling them to operate independently
("island mode") during wider grid failures, thus enhancing local energy
security.*

The symbiotic relationship between VRE and energy storage is undeniable: high VRE
penetration necessitates robust storage capacity, and the growth of VRE markets
drives innovation and cost reduction in storage technologies.'” However, for storage to
fulfill its potential, market designs and regulatory frameworks must evolve to
accurately value and compensate the diverse services it provides, moving beyond
simple energy arbitrage to recognize its contributions to flexibility, reliability, and
resilience.” The US DOE, for example, emphasizes research into new battery
chemistries and overcoming regulatory hurdles to support grid modernization ',
while the IEA stresses considering storage in long-term energy planning and adjusting
market designs to better reward flexibility.”

Table 2: Comparative Analysis of Key Energy Storage Technologies
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Sources: Synthesized from.” TRLs and costs are indicative and can vary widely.

The current dominance of Li-ion technology, particularly LFP for stationary
applications, is driven by its favorable cost trajectory and performance
improvements.” However, the inherent limitations in terms of duration and reliance on
critical minerals necessitate a broader portfolio of storage solutions.?” Technologies
like flow batteries and hydrogen offer pathways to much longer storage durations,



essential for seasonal balancing and ensuring grid reliability with very high VRE
penetration, though they face their own cost and efficiency challenges.’ Thermal
energy storage is uniquely positioned to decarbonize heating and cooling sectors
directly.*® Ultimately, a combination of these technologies, tailored to specific grid
needs and VRE profiles, will be required. This "duration dilemma"—matching the right
storage technology to the required service duration—is a central theme in grid
modernization efforts. Furthermore, the value of storage extends beyond simple
energy arbitrage to encompass a suite of grid services that enhance stability and
resilience; market designs must evolve to adequately compensate for this multifaceted
value, thereby incentivizing the necessary investments in diverse storage assets.”

IV. The Hydrogen Ecosystem: A Key to Sectoral Decarbonization

Hydrogen is emerging as a pivotal energy carrier in the global transition towards a
low-carbon economy. Its versatility allows it to play a unique role in decarbonizing
sectors where direct electrification is technically challenging or economically
unviable, such as heavy industry, long-distance transport, and as a medium for
long-duration energy storage.“® The development of a comprehensive "hydrogen
ecosystem"—encompassing its production, storage, transport, and utilization—is
therefore a critical focus of international energy strategy.

A. Production Pathways: From Grey to Green and Turquoise Hydrogen

The environmental credentials and economic viability of hydrogen are fundamentally
determined by its production pathway, often categorized by a "color" nomenclature
that signifies its carbon intensity."®

e Grey Hydrogen: This is the most common form of hydrogen produced today,
accounting for over 95% of global supply.'™ It is manufactured primarily from
natural gas through Steam Methane Reforming (SMR) or from coal via coal
gasification, without capturing the substantial CO2 emissions generated (typically
10-19 tonnes of CO2 per tonne of H2)."® Consequently, grey hydrogen offers no
climate benefit.

e Blue Hydrogen: This refers to hydrogen produced from fossil fuels (similarly to
grey hydrogen, via SMR or Autothermal Reforming - ATR) but with the integration
of Carbon Capture, Utilization, and Storage (CCUS) to capture a significant
portion of the CO2 emissions.”® Blue hydrogen has a much lower carbon intensity
(estimated at 1-4 tCO2/tH2) than grey hydrogen, provided that CCS technologies
achieve high capture rates (ideally >90-95%) and that upstream methane leakage
from natural gas extraction and transport is minimized."® While currently
considered a cheaper "clean" alternative to grey hydrogen than green hydrogen,



its long-term sustainability depends on the effectiveness and permanence of CO2
storage and the full lifecycle emissions, including methane.™®

e Green Hydrogen: This is produced through the electrolysis of water
(H20—H2+1/202) using electricity generated from renewable sources, such as
solar PV or wind power."™ As no CO2 is emitted during the production process
itself (assuming 100% renewable electricity), green hydrogen is considered a
zero-emission energy carrier and is the ultimate goal for a decarbonized
hydrogen economy."® The cost of green hydrogen is currently 2 to 3 times higher
than grey hydrogen, primarily due to the cost of renewable electricity and
electrolyzers, though these costs are projected to decline significantly with
technological advancements and economies of scale.®® Key electrolyzer
technologies include:

o Alkaline Electrolyzers (AEL): A mature and currently the least expensive
technology, but typically operates at lower current densities.™

o Proton Exchange Membrane (PEM) Electrolyzers: Offer faster response times,
higher current densities, and more compact designs, making them suitable for
integration with variable renewables. However, they are more expensive due to
the use of precious metal catalysts like platinum and iridium.™°

o Solid Oxide Electrolysis Cells (SOEC): Operate at high temperatures
(600-900°C), offering potentially higher electrical efficiency and the ability to
utilize waste heat for steam electrolysis, further improving overall efficiency.
SOECs are less mature than AEL or PEM technologies but hold promise for
highly efficient hydrogen production.™"

e Turquoise Hydrogen: This is an emerging pathway where hydrogen is produced
from natural gas (methane) via methane pyrolysis. In this process, methane (CH4)
is decomposed into gaseous hydrogen (H2) and solid carbon (C) at high
temperatures, typically in the absence of oxygen." If the energy for the pyrolysis
process is renewable and the solid carbon byproduct is permanently sequestered
or utilized in durable products (e.g., construction materials, soil amendments),
turquoise hydrogen can be a low-emission pathway. This technology is still in the
early stages of development.’®

e Other Production Pathways: Other methods include "pink" or "purple"
hydrogen (electrolysis powered by nuclear energy), "yellow" hydrogen
(electrolysis using grid electricity, whose carbon intensity varies), and "white"
hydrogen (naturally occurring geological hydrogen, whose exploitability is under
investigation)." Biomass gasification or reforming with CCUS can also produce
low-carbon hydrogen.

The choice of hydrogen production pathway has profound implications for its overall



climate impact and economic feasibility. While green hydrogen represents the ideal
long-term solution, blue and potentially turquoise hydrogen may serve as transitional

technologies, provided their lifecycle emissions are rigorously managed and

minimized. The development and scaling of cost-effective, low-emission hydrogen

production are fundamental to realizing the potential of the broader hydrogen

economy.

Table 3: Comparison of Hydrogen Production Pathways

Pathway Primary Key Est. CO2 Est. Cost TRL
Feedstock(s | Technology Emissions (USD/kg H2
) (kg CO2/kg range,
H2) current)
Grey Natural Gas, SMR, Coal 10 - 19+ 1-2.5 9
Coal Gasification
Blue Natural Gas, SMR/ATR/Ga 1- 4 (with 2-4 7-8
Coal sification + high
CCUS capture)
Green Water, Alkaline ~0 (with 3-7 9
(Alkaline) Renewable Electrolysis 100% RE)
Elec. (AEL)
Green (PEM) Water, PEM ~0 (with 4-8 8-9
Renewable Electrolysis 100% RE)
Elec.
Green Water, Solid Oxide ~0 (with 3-6 6-7
(SOEC) Renewable Electrolysis 100% RE) (projected,
Elec., Heat (SOEC) with waste
heat)
Turquoise Natural Gas Methane Low (if C 2-5 4-6
Pyrolysis stored & RE (projected)
used)

Sources: Synthesized from.®® Costs and TRLs are indicative and subject to rapid
change and regional variations.

B. Storage and Transportation Infrastructure




The widespread adoption of hydrogen as a key energy carrier hinges on the
development of safe, efficient, and cost-effective infrastructure for its storage and
transportation.®® Hydrogen's unique physical properties, particularly its low volumetric
energy density at ambient conditions, present significant challenges."’

Hydrogen Storage Methods:

Compressed Hydrogen Gas (CGH2): This is currently the most common method
for smaller-scale storage, involving compressing hydrogen gas to high pressures
(typically 350 bar or 700 bar) and storing it in specialized cylindrical tanks.™
These tanks are often made of composite materials (Type Ill or Type IV) to
withstand the high pressures while minimizing weight, especially for mobile
applications.™® Emerging Type V tanks (liner-less) aim for even higher storage
densities and safety.”® While mature, CGH2 storage is energy-intensive due to
compression requirements and offers limited volumetric density even at high
pressures.'”

Liquid Hydrogen (LH2): Storing hydrogen as a liquid at cryogenic temperatures

(-253°C or 20K) significantly increases its volumetric energy density compared to

CGH2."%° LH2 is stored in heavily insulated cryogenic tanks. This method is

well-established in the aerospace industry and is being considered for

large-scale transport (e.g., shipping) and some heavy-duty vehicle applications.'”’

However, the liquefaction process is extremely energy-intensive, consuming over

30% of the hydrogen's energy content, and "boil-off" losses (evaporation of LH2)

during storage and transfer must be managed.'*

Material-Based Storage: This involves storing hydrogen within solid or liquid

materials through chemical bonding (chemisorption) or physical adsorption

(physisorption).

o Metal Hydrides: Certain metals and alloys can absorb and release large
amounts of hydrogen, forming metal hydrides. This method offers good
volumetric density and safety, as hydrogen is chemically bound. However,
challenges include the weight of the storage material, often slow
absorption/desorption kinetics, and the need for specific temperatures and
pressures for hydrogen release.™

o Sorbents: Highly porous materials like Metal-Organic Frameworks (MOFs),
activated carbons, and carbon nanotubes can physically adsorb hydrogen
molecules on their surfaces.'” These materials can offer high gravimetric
densities, especially at cryogenic temperatures, but their capacity at ambient
conditions is often limited.

o Liquid Organic Hydrogen Carriers (LOHCs): Hydrogen is chemically bound to
an unsaturated organic liquid (e.g., toluene to methylcyclohexane). The



hydrogen-rich LOHC can then be transported and stored like conventional
liquid fuels. Hydrogen is released via a catalytic dehydrogenation process
when needed.'® LOHCs offer good safety and compatibility with existing liquid
fuel infrastructure but involve energy penalties for hydrogenation and
dehydrogenation and catalyst stability concerns.

o Ammonia (NH3): Ammonia can be synthesized from hydrogen and nitrogen
and then stored and transported as a liquid under moderate pressure or
refrigeration. It has a high hydrogen content by volume and is considered a
promising hydrogen carrier, especially for international shipping. Hydrogen
can be released by cracking the ammonia, or ammonia itself can be used
directly in fuel cells or turbines.'” Challenges include the energy cost of
ammonia synthesis and cracking, and ammonia's toxicity.

Underground Hydrogen Storage (UHS): For very large volumes of hydrogen,

particularly for seasonal storage or strategic reserves, underground geological

formations such as salt caverns, depleted oil and gas reservoirs, and aquifers are
being considered.” Salt caverns are currently the most proven option for
large-scale UHS. This method offers potentially the lowest cost per unit of energy
stored for massive quantities but is geographically constrained and requires
careful site characterization to ensure containment and purity.'*

Hydrogen Transportation Methods:

Pipelines: For large-scale, long-distance overland transport, pipelines are
generally considered the most cost-effective option.'' This can involve
constructing new pipelines dedicated to 100% hydrogen or repurposing existing
natural gas pipelines. Repurposing natural gas pipelines faces challenges such as
hydrogen embrittlement of steel pipes, increased leakage risk due to hydrogen's
small molecular size, and the need for modified compressors and seals.™
Blending hydrogen into the natural gas grid (up to a certain percentage, e.g.,
5-20%) is also being explored as a transitional measure, but this limits the purity
of hydrogen at the point of use and requires separation if pure hydrogen is
needed."

Shipping: For intercontinental transport, hydrogen is likely to be shipped in
liquefied form (LH2) or as hydrogen-rich carriers like liquid ammonia or LOHCs.
Specialized cryogenic tankers are required for LH2, similar to LNG carriers.
Ammonia is already widely traded globally, and its existing transport
infrastructure could be leveraged.

Road and Rail: Trucks and trains can transport hydrogen as compressed gas in
tube trailers or as liquid hydrogen in cryogenic tankers. This is suitable for smaller
volumes or delivering hydrogen from regional hubs to end-users where pipeline
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infrastructure is not available.™

Challenges and Infrastructure Development:

The development of a comprehensive hydrogen infrastructure is a formidable challenge,
requiring massive investment, technological advancements, and coordinated planning.63 Key
challenges include the high cost of storage and transport technologies, the slow pace of
infrastructure build-out, the need for harmonized international codes and standards for safety
and interoperability, and ensuring public acceptance for new infrastructure projects.63 The
IEA highlights that slow infrastructure development is a critical bottleneck holding back
widespread hydrogen adoption.63 Addressing these challenges is paramount for unlocking
the potential of the hydrogen economy.

C. Utilization Across Sectors: Industry, Transport, and Power

Hydrogen's versatility as an energy carrier and chemical feedstock positions it to play
a crucial role in decarbonizing a wide array of sectors, particularly those considered
"hard-to-abate" through direct electrification.”® Its applications span industry,
transport, and power generation, offering pathways to significantly reduce
greenhouse gas emissions.

Industry:
The industrial sector, a major energy consumer and CO2 emitter, presents significant
opportunities for hydrogen utilization:
e Feedstock for Chemicals: Hydrogen is already a vital feedstock in several
industrial processes. Replacing current "grey" hydrogen (produced from fossil
fuels) with low-carbon "blue" or "green" hydrogen is a primary decarbonization
lever.'°
o Ammonia Production: The Haber-Bosch process for ammonia (NH3)
synthesis, crucial for fertilizers, uses large quantities of hydrogen. Switching
to green hydrogen can decarbonize this entire value chain.™

o Methanol Production: Methanol (CH30OH), another key chemical building
block, can be synthesized from green hydrogen and captured CO2 (or
biomass-derived CO), creating a low-carbon pathway."*°

o Refining: Oil refineries use hydrogen for hydrotreating (removing sulfur and
other impurities from crude oil) and hydrocracking (breaking down heavy
hydrocarbon molecules). Using low-carbon hydrogen can reduce the carbon
footprint of these processes, though overall decarbonization of refining
requires a broader shift away from fossil fuels.”

e High-Temperature Process Heat: Many industrial processes, such as in the
production of steel, cement, glass, and ceramics, require very high temperatures
that are difficult to achieve efficiently with electricity.”° Hydrogen can be
combusted to provide this heat, replacing natural gas or coal. This often requires



redesigning burners and furnaces and using materials resistant to hydrogen
embrittlement.™’

Steelmaking (Direct Reduction of Iron - DRI): One of the most promising
applications for hydrogen in industry is in steel production. Hydrogen can be used
as a reducing agent in the Direct Reduction of Iron (DRI) process, where it reacts
with iron ore to produce metallic iron without the need for coking coal used in
traditional blast furnaces.” This "green steel" pathway, when combined with
electric arc furnaces (EAFs) powered by renewable electricity, can lead to
near-zero emissions from steelmaking."°

Transport:
Hydrogen and its derivatives are key to decarbonizing transport segments where batteries
face limitations due to energy density, weight, or refueling time requirements:

Heavy-Duty Vehicles (HDVs): For long-haul trucks, buses, and other HDVs,
hydrogen fuel cell electric vehicles (FCEVs) offer advantages in terms of longer
range and faster refueling compared to battery electric vehicles (BEVs)." PEM fuel
cells are commonly used in these applications.™°

Maritime Shipping: Shipping is a significant source of emissions and is difficult
to electrify directly. Hydrogen-derived fuels, particularly green ammonia and
green methanol, are considered leading candidates for decarbonizing this
sector.®® These fuels can be used in modified internal combustion engines or fuel
cells.

Aviation: For long-haul aviation, sustainable aviation fuels (SAFs) are essential.
Hydrogen can be used to produce synthetic kerosene (e-kerosene) by combining
it with captured C0O2.%® Direct hydrogen combustion in modified jet engines or
hydrogen fuel cells for aircraft propulsion are longer-term possibilities.

Rail and Off-Road Vehicles: Hydrogen fuel cells can also power trains on
non-electrified lines, as well as various off-road vehicles like forklifts and mining
equipment.’°

Power Generation and Grid Services:
Hydrogen can contribute to a flexible and resilient low-carbon power system:

Long-Duration Energy Storage and Peaking Power: Green hydrogen produced
via electrolysis during periods of surplus renewable generation can be stored and
then reconverted to electricity using fuel cells or hydrogen-fired gas turbines
during periods of high demand or low renewable output.™ This provides
dispatchable power and helps balance grids with high VRE penetration.

Co-firing in Gas Turbines: Hydrogen can be blended with natural gas and
co-fired in existing or new gas turbines to reduce their carbon emissions.™’
Turbine manufacturers are developing units capable of burning 100% hydrogen.™'



e Ancillary Services: Hydrogen-based power generation can potentially provide
ancillary grid services like frequency control and operating reserves.

The successful deployment of hydrogen across these sectors depends on the
availability of cost-competitive low-carbon hydrogen, the development of dedicated
infrastructure, and supportive policy frameworks that incentivize its use over
conventional fossil fuels.

D. Challenges and Opportunities for a Global Hydrogen Economy

The transition to a global hydrogen economy presents a complex interplay of
substantial challenges and transformative opportunities. Realizing hydrogen's
potential as a cornerstone of future decarbonized energy systems requires a clear
understanding of these factors to guide policy, investment, and technological
development.*°

Challenges:

1. Cost of Clean Hydrogen: Currently, "grey" hydrogen produced from unabated
fossil fuels is significantly cheaper (USD 1-2.5/kg) than "blue" hydrogen (USD
2-4/kg with CCUS) and particularly "green" hydrogen (USD 3-8/kg from
renewables via electrolysis).® Bridging this cost gap is paramount for widespread
adoption. While costs for green hydrogen are projected to fall with cheaper
renewable electricity and scaled-up electrolyzer manufacturing ¢, significant
investment and innovation are needed.

2. Energy Efficiency Losses: The hydrogen value chain involves multiple energy
conversion steps (e.g., electricity to hydrogen via electrolysis,
compression/liquefaction for storage, reconversion to electricity via fuel cells),
each incurring efficiency losses."” The overall "round-trip efficiency" for
electricity-hydrogen-electricity pathways can be relatively low (e.g., 30-50%)
compared to direct use of electricity or battery storage for certain applications."’

3. Infrastructure Development: A massive build-out of new infrastructure is
required for the production, storage, transportation, and end-use of hydrogen.®
This includes electrolyzer manufacturing capacity, hydrogen pipelines,
liquefaction plants, storage facilities (surface and geological), refueling stations,
and modified industrial plants and turbines. The IEA notes that slow infrastructure
development is a key barrier.®® The investment required is substantial, estimated
by the Hydrogen Council at hundreds of billions of dollars by 2030.'

4. Safety Concerns: Hydrogen is a highly flammable gas with a wide flammability
range and a low ignition energy. It can also cause embrittlement in certain metals,
posing challenges for pipeline and storage materials.*® Robust safety codes,



standards, and handling procedures are essential, along with public education to
address safety perceptions.

Water Usage for Green Hydrogen: Electrolysis, the primary method for green
hydrogen production, requires significant quantities of high-purity water (approx.
9-10 liters of water per kg of H2). In water-scarce regions, this can create
competition for water resources and raise sustainability concerns if not managed
carefully, for example, through the use of desalinated seawater.'*®

Policy and Regulatory Frameworks: Clear, stable, and internationally
harmonized policies are needed to de-risk investments and stimulate demand for
clean hydrogen. This includes carbon pricing, subsidies or incentives for
low-carbon hydrogen (like the US Inflation Reduction Act's 45V tax credit),
mandates for hydrogen use in certain sectors, and the development of robust
certification schemes to verify the carbon intensity (“color") of hydrogen.*® The
current global project pipeline shows strong momentum in announcements, but a
much lower rate of projects reaching Final Investment Decision (FID), partly due
to regulatory uncertainty and lack of firm offtake agreements.'*

Public Acceptance: Large-scale hydrogen infrastructure projects (pipelines,
storage sites, industrial facilities) may face public acceptance challenges similar
to other energy infrastructure, requiring community engagement and transparent
communication.*®

Opportunities:

1.

Decarbonizing Hard-to-Abate Sectors: Hydrogen offers a unique pathway to
decarbonize industries like steel, cement, chemicals, and long-distance transport
(shipping, aviation, heavy-duty trucking) where direct electrification is difficult or
prohibitively expensive.® This is arguably its most significant role.

Enhancing Energy Security: Domestic production of hydrogen, particularly
green hydrogen from indigenous renewable resources, can reduce reliance on
imported fossil fuels, thereby enhancing national and regional energy security.*°
System Flexibility and VRE Integration: Hydrogen can act as a large-scale,
long-duration energy storage medium, absorbing surplus VRE generation and
providing dispatchable power when needed, thus supporting grid stability and
enabling higher shares of renewables."

Economic Growth and Job Creation: The development of a global hydrogen
economy can spur innovation, create new industries (e.g., electrolyzer
manufacturing, fuel cell production, hydrogen infrastructure services), and
generate significant employment across the value chain.’

Sector Coupling: Hydrogen can link the power sector with other end-use sectors
(industry, transport, buildings), creating a more integrated and flexible energy



system.*°

6. Utilization of Existing Infrastructure: In some cases, existing natural gas
pipelines and storage facilities could be repurposed for hydrogen, potentially
reducing infrastructure costs, although technical modifications and safety
assessments are necessary.*°

The "chicken and egg" dilemma of infrastructure versus demand is a critical hurdle:
large-scale investment in hydrogen supply infrastructure is difficult without
guaranteed demand, while demand creation is hindered by the high cost and limited
availability of clean hydrogen and its associated end-use technologies.®® This
necessitates strong policy intervention to simultaneously stimulate both supply and
demand, de-risk early investments, and foster the development of integrated
hydrogen hubs or valleys where production, infrastructure, and end-users are
co-located. Furthermore, the cost-competitiveness of green hydrogen is intrinsically
linked to the declining costs of renewable electricity and advancements in electrolyzer
technology.'® As renewable energy becomes more abundant and cheaper (as
discussed in Section Il), and electrolyzer manufacturing scales up, the economics of
green hydrogen are expected to improve significantly. For a truly global hydrogen
market to emerge, international cooperation on standards, certification, and trade will
be indispensable.®®

V. Mitigating Industrial and Power Sector Emissions: Carbon
Capture, Utilization, and Storage (CCUS)

Carbon Capture, Utilization, and Storage (CCUS) encompasses a suite of technologies
designed to capture carbon dioxide (CO2) emissions from large point sources, such
as industrial facilities and power plants, or directly from the atmosphere. The
captured CO2 can then be transported, utilized in various products or processes, or
permanently stored in deep geological formations."” CCUS is increasingly recognized
as an essential component of strategies to achieve net-zero emissions, particularly for
decarbonizing hard-to-abate sectors and enabling carbon dioxide removal.**

A. CO2 Capture Technologies: Pre-combustion, Post-combustion,
Oxy-combustion, Direct Air Capture (DAC)

The first step in the CCUS chain is the separation and capture of CO2. Several distinct
technological approaches exist, each suited to different emission sources and CO2
concentrations:

1. Post-combustion Capture: This is the most mature and widely applicable
capture technology, designed to remove CO2 from flue gases produced after the



combustion of fossil fuels (or biomass) in air."’ The flue gas, typically containing
CO2 at concentrations of 3-15% by volume mixed with nitrogen and other
combustion byproducts, is passed through a chemical solvent (commonly
amine-based), a solid sorbent, or a membrane system that selectively separates
the CO2."° The CO2-rich solvent/sorbent is then regenerated to release a
concentrated stream of CO2 for transport and storage/utilization, and the capture
medium is recycled.

o Applications: Retrofitting existing power plants (coal and gas), cement plants,
steel mills, and waste incinerators.*

o Maturity: Commercially available, with several large-scale projects in
operation.™?

o Challenges: Energy penalty associated with solvent regeneration, potential
solvent degradation, and managing emissions from the capture process itself.

Pre-combustion Capture: This approach involves removing carbon from the fuel

before it is combusted.® The primary fuel (e.g., coal, natural gas, biomass) is first

converted into a gaseous mixture of hydrogen (H2) and CO2 (syngas) through
processes like gasification or reforming. The CO2 is then separated from this
high-pressure, relatively concentrated gas stream (often 15-60% CO2 by volume)
using physical or chemical solvents or membranes, leaving a hydrogen-rich fuel
that can be combusted in a gas turbine or used in fuel cells with minimal or no

CO2 emissions at the point of combustion.'’

o Applications: Integrated Gasification Combined Cycle (IGCC) power plants,
hydrogen production facilities, ammonia plants, and other industrial
processes utilizing syngas.®

o Maturity: Technologically mature for applications like natural gas processing
and ammonia production where CO2 separation is already part of the
process. '

o Advantages: Higher CO2 concentration and pressure in the syngas stream
can lead to more efficient and less energy-intensive separation compared to
post-combustion capture.

Oxy-combustion (Oxy-fuel) Capture: In this process, fuel is combusted in

nearly pure oxygen instead of air, typically using an Air Separation Unit (ASU) to

produce the oxygen.™ This results in a flue gas consisting primarily of CO2

Works cited

1.

2.

Decarbonization: what it is and why it matters - Greenly, accessed May 30, 2025,

https://greenly.earth/en-us/blog/company-quide/decarbonization-meanings-tech

nology-and-goals
What does Decarbonisation mean? | myclimate - MyClimate.org, accessed May


https://greenly.earth/en-us/blog/company-guide/decarbonization-meanings-technology-and-goals
https://greenly.earth/en-us/blog/company-guide/decarbonization-meanings-technology-and-goals

10.

1.

12.

13.

14.

15.

16.

17.

18.

30, 2025,
https://www.myclimate.org/en/information/fag/fag-detail/what-does-decarbonisa
tion-mean/

What is the sustainable energy transition and why is it key to tackling ..., accessed
May 30, 2025,
https://climatepromise.undp.org/news-and-stories/what-sustainable-energy-tran
sition-and-why-it-key-tackling-climate-change

. What is Energy Transition? | S&P Global, accessed May 30, 2025,

https://www.spglobal.com/en/research-insights/market-insights/what-is-energy-t
ransition

unfccc.int, accessed May 30, 2025,
https://unfccc.int/sites/default/files/resource/Action_table_Energy.pdf

. Global Renewables Outlook: Energy transformation 2050 - IRENA, accessed May

30, 2025,
https://www.irena.org/publications/2020/Apr/Global-Renewables-Outlook-2020
Introduction to Renewable Energy Technologies and Energy Transition Strategies |
ACS Symposium Series - ACS Publications, accessed May 30, 2025,
https://pubs.acs.org/doi/10.1021/bk-2025-1499.ch001

Solar - IEA, accessed May 30, 2025,
https://www.iea.org/energy-system/renewables/solar-pv

Report: As Deadline Hits, Countries Must Seize Opportunity to Plug ..., accessed
May 30, 2025,
https://climateandhealthalliance.org/press-releases/report-as-deadline-looms-co
untries-must-seize-opportunity-to-plug-health-gaps-in-national-climate-commi
tments/

climatepromise.undp.org, accessed May 30, 2025,

https://climatepromise.undp.org/sites/default/files/research_report_document/un

dp_ndc_insights_series_feb_2025.pdf
Background paper on decarbonization technologies for sustainable road mobility

. Introduction - UNFCCC, accessed May 30, 2025,
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/tn_meetings/57¢c4f9b07
ec646679df49b%faecOed19/5bale5%adcc34ebf8eeb/7f3b88a40e5f.pdf
Renewables - Energy System - |IEA, accessed May 30, 2025,
https://www.iea.org/energy-system/renewables

Energy storage - IEA, accessed May 30, 2025,
https://www.iea.org/energy-system/electricity/grid-scale-storage

Solar PV — Renewables 2020 - Analysis - IEA, accessed May 30, 2025,
https://www.iea.org/reports/renewables-2020/solar-pv

Batteries and Secure Energy Transitions — Analysis - IEA, accessed May 30, 2025,
https://www.iea.org/reports/batteries-and-secure-energy-transitions

Energy Technology Perspectives 2024 - Analysis - IEA, accessed May 30, 2025,
https://lwww.iea.org/reports/energy-technology-perspectives-2024

Global Energy Review 2025 - Analysis - IEA, accessed May 30, 2025,

https://www.iea.org/reports/global-energy-review-2025
IEA Energy Policy Reviews | OECD, accessed May 30, 2025,



https://www.myclimate.org/en/information/faq/faq-detail/what-does-decarbonisation-mean/
https://www.myclimate.org/en/information/faq/faq-detail/what-does-decarbonisation-mean/
https://climatepromise.undp.org/news-and-stories/what-sustainable-energy-transition-and-why-it-key-tackling-climate-change
https://climatepromise.undp.org/news-and-stories/what-sustainable-energy-transition-and-why-it-key-tackling-climate-change
https://www.spglobal.com/en/research-insights/market-insights/what-is-energy-transition
https://www.spglobal.com/en/research-insights/market-insights/what-is-energy-transition
https://unfccc.int/sites/default/files/resource/Action_table_Energy.pdf
https://www.irena.org/publications/2020/Apr/Global-Renewables-Outlook-2020
https://pubs.acs.org/doi/10.1021/bk-2025-1499.ch001
https://www.iea.org/energy-system/renewables/solar-pv
https://climateandhealthalliance.org/press-releases/report-as-deadline-looms-countries-must-seize-opportunity-to-plug-health-gaps-in-national-climate-commitments/
https://climateandhealthalliance.org/press-releases/report-as-deadline-looms-countries-must-seize-opportunity-to-plug-health-gaps-in-national-climate-commitments/
https://climateandhealthalliance.org/press-releases/report-as-deadline-looms-countries-must-seize-opportunity-to-plug-health-gaps-in-national-climate-commitments/
https://climatepromise.undp.org/sites/default/files/research_report_document/undp_ndc_insights_series_feb_2025.pdf
https://climatepromise.undp.org/sites/default/files/research_report_document/undp_ndc_insights_series_feb_2025.pdf
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/tn_meetings/57c4f9b07ec646679df49b9faec0ed19/5ba1e59adcc34ebf8eeb7f3b88a40e5f.pdf
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/tn_meetings/57c4f9b07ec646679df49b9faec0ed19/5ba1e59adcc34ebf8eeb7f3b88a40e5f.pdf
https://www.iea.org/energy-system/renewables
https://www.iea.org/energy-system/electricity/grid-scale-storage
https://www.iea.org/reports/renewables-2020/solar-pv
https://www.iea.org/reports/batteries-and-secure-energy-transitions
https://www.iea.org/reports/energy-technology-perspectives-2024
https://www.iea.org/reports/global-energy-review-2025

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

https://www.oecd.org/en/publications/iea-energy-policy-reviews_8550daed-en.h
tml

Policy database — Data & Statistics - IEA, accessed May 30, 2025,
https://www.iea.org/policies/about

Policy Data Resources - Clean Energy Ministerial, accessed May 30, 2025,
https://www.cleanenergyministerial.org/resources-cesc/policy-data-resources/
Wind TCP | International Energy Agency - SEAI, accessed May 30, 2025,

https://www.seai.ie/seai-research/international-energy-agency/technology-collab
oration/wind-tcp
Technology collaboration - About - IEA, accessed May 30, 2025,

https://www.iea.org/about/technology-collaboration
The IEA Hydropower TCP - IEA Hydropower, accessed May 30, 2025,

https://www.ieahydro.org/about

Renewable energy — Technology collaboration - IEA, accessed May 30, 2025,
https://www.iea.org/about/technology-collaboration/renewable-energy
Launching a global effort to accelerate superhot rock geothermal innovation,
accessed May 30, 2025,
https://www.catf.us/2025/04/launching-global-effort-accelerate-superhot-rock-g
eothermal-innovation/

Alternate Delegates for ten International Energy Agency Technology
Collaboration Programmes - Find a Tender - GOV.UK, accessed May 30, 2025,
https://www.find-tender.service.gov.uk/Notice/008612-2025

World Energy Transitions Outlook 2024: 1.5°C pathway - Executive summary -
IRENA, accessed May 30, 2025,
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Nov/IRENA
World_energy transitions_outlook 2024 Summary.pdf

International Renewable Energy Agency (IRENA) - Sustainable Development
Goals, accessed May 30, 2025,
https://sustainabledevelopment.un.org/index.php?page=view&type=30022&nr=32
12&menu=3170

International Renewable Energy Agency - IRENA, accessed May 30, 2025,

https://www.irena.org/?utm_source=newsletter&utm_medium=email&utm_campa

ign=personalized&cdlcid=5e33389426f096d31d405c14
Wind Power - IRENA, accessed May 30, 2025,

https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA-ETSAP
Tech Brief Wind Power EO7.pdf

Global Energy Transformation: A Roadmap to 2050 (2019 Edition) - IRENA,

accessed May 30, 2025,

https://www.irena.org/-/media/lrena/Files/Macroeconomic-benefits/IRENA_Global
Energy Transformation_2019.pdf

Hydropower Technology Brief - IRENA, accessed May 30, 2025,

https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA-ETSAP
Tech_Brief EO6_Hydropower.pdf

Hydropower - IRENA, accessed May 30, 2025,

https://www.irena.org/Publications/2015/Feb/Hydropower



https://www.oecd.org/en/publications/iea-energy-policy-reviews_8550daed-en.html
https://www.oecd.org/en/publications/iea-energy-policy-reviews_8550daed-en.html
https://www.iea.org/policies/about
https://www.cleanenergyministerial.org/resources-cesc/policy-data-resources/
https://www.seai.ie/seai-research/international-energy-agency/technology-collaboration/wind-tcp
https://www.seai.ie/seai-research/international-energy-agency/technology-collaboration/wind-tcp
https://www.iea.org/about/technology-collaboration
https://www.ieahydro.org/about
https://www.iea.org/about/technology-collaboration/renewable-energy
https://www.catf.us/2025/04/launching-global-effort-accelerate-superhot-rock-geothermal-innovation/
https://www.catf.us/2025/04/launching-global-effort-accelerate-superhot-rock-geothermal-innovation/
https://www.find-tender.service.gov.uk/Notice/008612-2025
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Nov/IRENA_World_energy_transitions_outlook_2024_Summary.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Nov/IRENA_World_energy_transitions_outlook_2024_Summary.pdf
https://sustainabledevelopment.un.org/index.php?page=view&type=30022&nr=3212&menu=3170
https://sustainabledevelopment.un.org/index.php?page=view&type=30022&nr=3212&menu=3170
https://www.irena.org/?utm_source=newsletter&utm_medium=email&utm_campaign=personalized&cdlcid=5e33389426f096d31d405c14
https://www.irena.org/?utm_source=newsletter&utm_medium=email&utm_campaign=personalized&cdlcid=5e33389426f096d31d405c14
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA-ETSAP_Tech_Brief_Wind_Power_E07.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2016/IRENA-ETSAP_Tech_Brief_Wind_Power_E07.pdf
https://www.irena.org/-/media/Irena/Files/Macroeconomic-benefits/IRENA_Global_Energy_Transformation_2019.pdf
https://www.irena.org/-/media/Irena/Files/Macroeconomic-benefits/IRENA_Global_Energy_Transformation_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA-ETSAP_Tech_Brief_E06_Hydropower.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA-ETSAP_Tech_Brief_E06_Hydropower.pdf
https://www.irena.org/Publications/2015/Feb/Hydropower

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

d-nb.info, accessed May 30, 2025, https://d-nb.info/1352497492/34
(PDF) Research on Future Development and Challenges of New Energy -
ResearchGate, accessed May 30, 2025,

https://www.researchgate.net/publication/387923138 Research_on_Future Devel

opment_and_Challenges_of New_Energy
Innovation outlook: Thermal energy storage - IRENA, accessed May 30, 2025,

https://www.irena.org/publications/2020/Nov/Innovation-outlook-Thermal-energy
-storage

The reality gap in achieving net zero | McKinsey, accessed May 30, 2025,
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insight
s/the-energy-transition-where-are-we-really

www.mckinsey.com, accessed May 30, 2025,
https://www.mckinsey.com/~/media/mckinsey/industries/energy%20and%20mate
rials/our%20insights/global%20energy%20perspective%202024/global-energy-p
erspective-2024.pdf

reports.weforum.org, accessed May 30, 2025,

https://reports.weforum.org/docs/WEF_Accelerating_the_Energy Transition_2025.
pdf

unfccc.int, accessed May 30, 2025,
https://unfccc.int/sites/default/files/resource/KCl1%20New%20Industried%20FINA

L.pdf
Solar Market Research & Analysis - NREL, accessed May 30, 2025,

https://www.nrel.gov/solar/market-research-analysis/research

25.1% Efficient Inorganic-Organic Tandem Solar Cells, accessed May 30, 2025,
https://bioengineer.org/25-1-efficient-inorganic-organic-tandem-solar-cells/
How can solar panel technology be improved? | ResearchGate, accessed May 30,
2025,
https://www.researchgate.net/post/How_can_solar_panel_technology_be_improv
ed

The Impact of Integrating Variable Renewable Energy Sources into ..., accessed
May 30, 2025, https://www.mdpi.com/1996-1073/18/3/689

(PDF) Environmental Impact Assessments of the Renewable Energy ..., accessed
May 30, 2025,

https://www.researchgate.net/publication/362108600_ Environmental_Impact_Ass
essments_of the Renewable Energy Technologies_Adaptation

What Are the Land-Use Intensities of Different Energy Sources? - The
Breakthrough Institute, accessed May 30, 2025,
https://thebreakthrough.org/blog/whats-the-land-use-intensity-of-different-ener

gy-sources
www.rjpn.org, accessed May 30, 2025,

https://www.rjpn.org/ijcspub/papers/IJCSP25B1094.pdf
www.nrel.gov, accessed May 30, 2025,
https://www.nrel.gov/docs/libraries/wind-docs/wind-capabilites-technology-innov

ationeb3858d9-924c6-4aab-bcf1-01e147042f1d.pdf ?sfvrsn=4aa54c3c_1
Researchers recycle wind turbine blade materials to make improved plastics,



https://d-nb.info/1352497492/34
https://www.researchgate.net/publication/387923138_Research_on_Future_Development_and_Challenges_of_New_Energy
https://www.researchgate.net/publication/387923138_Research_on_Future_Development_and_Challenges_of_New_Energy
https://www.irena.org/publications/2020/Nov/Innovation-outlook-Thermal-energy-storage
https://www.irena.org/publications/2020/Nov/Innovation-outlook-Thermal-energy-storage
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/the-energy-transition-where-are-we-really
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/the-energy-transition-where-are-we-really
https://www.mckinsey.com/~/media/mckinsey/industries/energy%20and%20materials/our%20insights/global%20energy%20perspective%202024/global-energy-perspective-2024.pdf
https://www.mckinsey.com/~/media/mckinsey/industries/energy%20and%20materials/our%20insights/global%20energy%20perspective%202024/global-energy-perspective-2024.pdf
https://www.mckinsey.com/~/media/mckinsey/industries/energy%20and%20materials/our%20insights/global%20energy%20perspective%202024/global-energy-perspective-2024.pdf
https://reports.weforum.org/docs/WEF_Accelerating_the_Energy_Transition_2025.pdf
https://reports.weforum.org/docs/WEF_Accelerating_the_Energy_Transition_2025.pdf
https://unfccc.int/sites/default/files/resource/KCI%20New%20Industried%20FINAL.pdf
https://unfccc.int/sites/default/files/resource/KCI%20New%20Industried%20FINAL.pdf
https://www.nrel.gov/solar/market-research-analysis/research
https://bioengineer.org/25-1-efficient-inorganic-organic-tandem-solar-cells/
https://www.researchgate.net/post/How_can_solar_panel_technology_be_improved
https://www.researchgate.net/post/How_can_solar_panel_technology_be_improved
https://www.mdpi.com/1996-1073/18/3/689
https://www.researchgate.net/publication/362108600_Environmental_Impact_Assessments_of_the_Renewable_Energy_Technologies_Adaptation
https://www.researchgate.net/publication/362108600_Environmental_Impact_Assessments_of_the_Renewable_Energy_Technologies_Adaptation
https://thebreakthrough.org/blog/whats-the-land-use-intensity-of-different-energy-sources
https://thebreakthrough.org/blog/whats-the-land-use-intensity-of-different-energy-sources
https://www.rjpn.org/ijcspub/papers/IJCSP25B1094.pdf
https://www.nrel.gov/docs/libraries/wind-docs/wind-capabilites-technology-innovationeb3858d9-94c6-4aa5-bcf1-01e147042f1d.pdf?sfvrsn=4aa54c3c_1
https://www.nrel.gov/docs/libraries/wind-docs/wind-capabilites-technology-innovationeb3858d9-94c6-4aa5-bcf1-01e147042f1d.pdf?sfvrsn=4aa54c3c_1

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

accessed May 30, 2025,
https://research.wsu.edu/news/researchers-recycle-wind-turbine-blade-material

s-to-make-improved-plastics
Renewable Energy Integration | Grid Modernization | NREL, accessed May 30,

2025, https://www?2.nrel.gov/grid/renewable-energy-integration

(PDF) The Impact of Integrating Variable Renewable Energy Sources into
Grid-Connected Power Systems: Challenges, Mitigation Strategies, and
Prospects - ResearchGate, accessed May 30, 2025,

https://www.researchgate.net/publication/388626912_The_Impact_of_Integrating
Variable Renewable Energy Sources into Grid-Connected Power Systems Cha

llenges_Mitigation_Strategies_and_Prospects

Assessing the Public's Social Acceptance of Renewable Energy Management in
Taiwan, accessed May 30, 2025, https://www.mdpi.com/2073-445X/14/1/121
SOCIAL ACCEPTANCE OF RENEWABLE ENERGY AND TRANSMISSION PROJECTS
- Conservation Council of New Brunswick, accessed May 30, 2025,

https://www.conservationcouncil.ca/wp-content/uploads/2022/05/Executive-Sum

mary-renewable-energy-and-transmission.pdf
Wind Energy Basics | NREL, accessed May 30, 2025,

https://www.nrel.gov/research/re-wind

Understanding How Energy Storage Systems Work | Veolia, accessed May 30,
2025,
https://www.veolia.co.uk/understanding-how-energy-storage-systems-work
Energy Storage | Understand Energy Learning Hub, accessed May 30, 2025,
https://understand-energy.stanford.edu/tools/energy-storage

(PDF) Enhanced Geothermal Systems: A Critical Review of Recent ..., accessed
May 30, 2025,

https://www.researchgate.net/publication/384474327_Enhanced_Geothermal_Sys
tems A Critical Review of Recent Advancements and Future Potential for Cle

an_Energy Production

Heating, Cooling, and Storage Technologies | Geothermal Research - NREL,
accessed May 30, 2025,
https://www.nrel.gov/geothermal/heating-cooling-and-storage-technologies
REPORT on geothermal energy | A9-0432/2023 | European ..., accessed May 30,
2025, https://www.europarl.europa.eu/doceo/document/A-92-2023-0432_EN.html
Geothermal Resources and Technologies | Geothermal Research ..., accessed
May 30, 2025, https://www.nrel.gov/geothermal/technologies

IEA Bioenergy - Technology Collaboration Programme on Bioenergy | Wood
Energy Info Portal, accessed May 30, 2025,
https://www.fao.org/wood-energy/search/detail/en/c/1305393/

IEA Bioenergy Technology Collaboration Programme (IEA ..., accessed May 30,

2025, https://nachhaltigwirtschaften.at/en/iea/technologyprogrammes/bioenergy/
The Future of Hydrogen - Analysis - IEA, accessed May 30, 2025,

https://www.iea.org/reports/the-future-of-hydrogen
Carbon Capture and Storage, Explained | World Resources Institute, accessed

May 30, 2025, https://www.wri.org/insights/carbon-capture-technology



https://research.wsu.edu/news/researchers-recycle-wind-turbine-blade-materials-to-make-improved-plastics
https://research.wsu.edu/news/researchers-recycle-wind-turbine-blade-materials-to-make-improved-plastics
https://www2.nrel.gov/grid/renewable-energy-integration
https://www.researchgate.net/publication/388626912_The_Impact_of_Integrating_Variable_Renewable_Energy_Sources_into_Grid-Connected_Power_Systems_Challenges_Mitigation_Strategies_and_Prospects
https://www.researchgate.net/publication/388626912_The_Impact_of_Integrating_Variable_Renewable_Energy_Sources_into_Grid-Connected_Power_Systems_Challenges_Mitigation_Strategies_and_Prospects
https://www.researchgate.net/publication/388626912_The_Impact_of_Integrating_Variable_Renewable_Energy_Sources_into_Grid-Connected_Power_Systems_Challenges_Mitigation_Strategies_and_Prospects
https://www.mdpi.com/2073-445X/14/1/121
https://www.conservationcouncil.ca/wp-content/uploads/2022/05/Executive-Summary-renewable-energy-and-transmission.pdf
https://www.conservationcouncil.ca/wp-content/uploads/2022/05/Executive-Summary-renewable-energy-and-transmission.pdf
https://www.nrel.gov/research/re-wind
https://www.veolia.co.uk/understanding-how-energy-storage-systems-work
https://understand-energy.stanford.edu/tools/energy-storage
https://www.researchgate.net/publication/384474327_Enhanced_Geothermal_Systems_A_Critical_Review_of_Recent_Advancements_and_Future_Potential_for_Clean_Energy_Production
https://www.researchgate.net/publication/384474327_Enhanced_Geothermal_Systems_A_Critical_Review_of_Recent_Advancements_and_Future_Potential_for_Clean_Energy_Production
https://www.researchgate.net/publication/384474327_Enhanced_Geothermal_Systems_A_Critical_Review_of_Recent_Advancements_and_Future_Potential_for_Clean_Energy_Production
https://www.nrel.gov/geothermal/heating-cooling-and-storage-technologies
https://www.europarl.europa.eu/doceo/document/A-9-2023-0432_EN.html
https://www.nrel.gov/geothermal/technologies
https://www.fao.org/wood-energy/search/detail/en/c/1305393/
https://nachhaltigwirtschaften.at/en/iea/technologyprogrammes/bioenergy/
https://www.iea.org/reports/the-future-of-hydrogen
https://www.wri.org/insights/carbon-capture-technology

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

CCUS in the transition to net-zero emissions — CCUS in Clean Energy Transitions -

Analysis - I[EA, accessed May 30, 2025,

https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-in-the-transiti

on-to-net-zero-emissions

Life Cycle Assessment in the Monitoring, Reporting, and Verification of

Land-Based Carbon Dioxide Removal: Gaps and Opportunities | Environmental

Science & Technology - ACS Publications, accessed May 30, 2025,

https://pubs.acs.org/doi/10.1021/acs.est.4c09510

Nuclear Power in the World Today - World Nuclear Association, accessed May 30,

2025,

https://www.world-nuclear.org/information-library/current-and-future-generation

/nuclear-power-in-the-world-today.aspx

Life Cycle Assessment Harmonization | Energy Analysis - NREL, accessed May 30,

2025, https://www.nrel.gov/analysis/life-cycle-assessment

docs.nrel.gov, accessed May 30, 2025,

https://docs.nrel.gov/docs/fy040sti/35404.pdf

Exploration of High-Penetration Renewable Electricity Futures - Publications,

accessed May 30, 2025, https://docs.nrel.gov/docs/fy120sti/52409-1.pdf

Life Cycle Assessment of Carbon Capture and Utilization for the Production of

Large Volume Organic Chemicals - ResearchGate, accessed May 30, 2025,

https://www.researchgate.net/publication/344680545_Life_Cycle Assessment_of
Carbon_Capture_and_Utilization_for the Production of Large Volume Organic
Chemicals

China's bulk material loops can be closed but deep decarbonization requires

demand reduction - UCL Discovery, accessed May 30, 2025,

https://discovery.ucl.ac.uk/id/eprint/10179064/1/Song%20et%20al_2023 Accepte

d%20manuscript.pdf
fpgainsights.com, accessed May 30, 2025,

https://fpgainsights.com/power-management/the-role-of-energy-storage-in-gri
d-stability-and-management/#:~:text=Through%20its%20ability%20to%20store,
renewable%20energy%20sources%20at%20scale.

Energy Storage - Edison Electric Institute, accessed May 30, 2025,
https://www.eei.org/en/issues-and-policy/energy-storage

Executive summary — Batteries and Secure Energy Transitions ... - IEA, accessed
May 30, 2025,
https://www.iea.org/reports/batteries-and-secure-energy-transitions/executive-s
ummary

Lithium batteries type: which chemistry should be used?, accessed May 30, 2025,
https://www.flashbattery.tech/en/blog/types-of-lithium-batteries-which-chemistr
y-use/

Comparative Study of Equivalent Circuit Models Performance in ..., accessed May
30, 2025, https://Iwww.mdpi.com/2313-0105/7/3/51

Comparing NMC and LFP Lithium-lon Batteries for C&l Applications ..., accessed
May 30, 2025,

https://www.mayfield.energy/technical-articles/comparing-nmc-and-Ifp-lithium-i



https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-in-the-transition-to-net-zero-emissions
https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-in-the-transition-to-net-zero-emissions
https://pubs.acs.org/doi/10.1021/acs.est.4c09510
https://www.world-nuclear.org/information-library/current-and-future-generation/nuclear-power-in-the-world-today.aspx
https://www.world-nuclear.org/information-library/current-and-future-generation/nuclear-power-in-the-world-today.aspx
https://www.nrel.gov/analysis/life-cycle-assessment
https://docs.nrel.gov/docs/fy04osti/35404.pdf
https://docs.nrel.gov/docs/fy12osti/52409-1.pdf
https://www.researchgate.net/publication/344680545_Life_Cycle_Assessment_of_Carbon_Capture_and_Utilization_for_the_Production_of_Large_Volume_Organic_Chemicals
https://www.researchgate.net/publication/344680545_Life_Cycle_Assessment_of_Carbon_Capture_and_Utilization_for_the_Production_of_Large_Volume_Organic_Chemicals
https://www.researchgate.net/publication/344680545_Life_Cycle_Assessment_of_Carbon_Capture_and_Utilization_for_the_Production_of_Large_Volume_Organic_Chemicals
https://discovery.ucl.ac.uk/id/eprint/10179064/1/Song%20et%20al_2023_Accepted%20manuscript.pdf
https://discovery.ucl.ac.uk/id/eprint/10179064/1/Song%20et%20al_2023_Accepted%20manuscript.pdf
https://fpgainsights.com/power-management/the-role-of-energy-storage-in-grid-stability-and-management/#:~:text=Through%20its%20ability%20to%20store,renewable%20energy%20sources%20at%20scale.
https://fpgainsights.com/power-management/the-role-of-energy-storage-in-grid-stability-and-management/#:~:text=Through%20its%20ability%20to%20store,renewable%20energy%20sources%20at%20scale.
https://fpgainsights.com/power-management/the-role-of-energy-storage-in-grid-stability-and-management/#:~:text=Through%20its%20ability%20to%20store,renewable%20energy%20sources%20at%20scale.
https://www.eei.org/en/issues-and-policy/energy-storage
https://www.iea.org/reports/batteries-and-secure-energy-transitions/executive-summary
https://www.iea.org/reports/batteries-and-secure-energy-transitions/executive-summary
https://www.flashbattery.tech/en/blog/types-of-lithium-batteries-which-chemistry-use/
https://www.flashbattery.tech/en/blog/types-of-lithium-batteries-which-chemistry-use/
https://www.mdpi.com/2313-0105/7/3/51
https://www.mayfield.energy/technical-articles/comparing-nmc-and-lfp-lithium-ion-batteries-for-ci-applications/

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

on-batteries-for-ci-applications/

6 Most Important Lithium-lon Battery Chemistries - Electronics For You, accessed
May 30, 2025,
https://www.electronicsforu.com/technology-trends/six-most-important-lithium-i

on-battery-chemistries
Beyond Doping and Coating: Prospective Strategies for Stable High ..., accessed

May 30, 2025, https://pubs.acs.org/doi/10.1021/acsenergylett.0c00191
Trends in batteries — Global EV Outlook 2023 - Analysis - IEA, accessed May 30,

2025, https://www.iea.org/reports/global-ev-outlook-2023/trends-in-batteries
docs.nrel.gov, accessed May 30, 2025,

https://docs.nrel.gov/docs/fy190sti/73374.pdf

Supply-Chain Analysis of Li-lon Battery Material and Impact of Recycling -
Publications, accessed May 30, 2025,
https://docs.nrel.gov/docs/fy19osti/71724.pdf

Progress, Challenges and Opportunities of Recycling Electric ..., accessed May
30, 2025, https://www.preprints.org/manuscript/202505.0052/v1

www.pnnl.gov, accessed May 30, 2025,
https://www.pnnl.gov/sites/default/files/media/file/Final%20-%20ESGC %20Cost%
20Performance%20Report%2012-11-2020.pdf

China Regains Number One Spot in BloombergNEF's Global ..., accessed May 30,
2025,
https://about.bnef.com/blog/china-regains-number-one-spot-in-bloombergnefs-
global-lithium-ion-battery-supply-chain-ranking/

Battery Recycling Supply Chain Analysis | Transportation and Mobility Research -
NREL, accessed May 30, 2025,
https://www.nrel.gov/transportation/battery-recycling-supply-chain-analysis
Battery Reuse and Recycling | Energy Storage Research | NREL, accessed May 30,
2025, https://www.nrel.gov/storage/battery-reuse-recycling

Economics and Challenges of Li-lon Battery Recycling from End-of-Life Vehicles -
Publications, accessed May 30, 2025,
https://docs.nrel.gov/docs/fy190sti/71350.pdf

LIBRA: Lithium-lon Battery Resource Assessment Model ... - NREL, accessed May
30, 2025, https://www.nrel.gov/transportation/libra

Direct Recycling Technology for Spent Lithium-lon Batteries ... - MDPI, accessed
May 30, 2025, https://www.mdpi.com/2313-0105/10/3/81

Sodium-lon Batteries: Basics, Advantages and Applications, accessed May 30,
2025, https://renewablesadvice.com/battery/sodium-ion/

Sodium-lon Batteries: Applications and Properties - MDPI, accessed May 30,
2025, https://www.mdpi.com/2313-0105/11/2/61

Energy storage - Wikipedia, accessed May 30, 2025,
https://en.wikipedia.org/wiki/Energy_storage

Long Duration Energy Storage Technologies Explained, accessed May 30, 2025,
https://decarbonization.visualcapitalist.com/all-commercially-available-long-durat

ion-energy-storage-technologies-in-one-chart/
Iron redox flow battery - Wikipedia, accessed May 30, 2025,



https://www.mayfield.energy/technical-articles/comparing-nmc-and-lfp-lithium-ion-batteries-for-ci-applications/
https://www.electronicsforu.com/technology-trends/six-most-important-lithium-ion-battery-chemistries
https://www.electronicsforu.com/technology-trends/six-most-important-lithium-ion-battery-chemistries
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00191
https://www.iea.org/reports/global-ev-outlook-2023/trends-in-batteries
https://docs.nrel.gov/docs/fy19osti/73374.pdf
https://docs.nrel.gov/docs/fy19osti/71724.pdf
https://www.preprints.org/manuscript/202505.0052/v1
https://www.pnnl.gov/sites/default/files/media/file/Final%20-%20ESGC%20Cost%20Performance%20Report%2012-11-2020.pdf
https://www.pnnl.gov/sites/default/files/media/file/Final%20-%20ESGC%20Cost%20Performance%20Report%2012-11-2020.pdf
https://about.bnef.com/blog/china-regains-number-one-spot-in-bloombergnefs-global-lithium-ion-battery-supply-chain-ranking/
https://about.bnef.com/blog/china-regains-number-one-spot-in-bloombergnefs-global-lithium-ion-battery-supply-chain-ranking/
https://www.nrel.gov/transportation/battery-recycling-supply-chain-analysis
https://www.nrel.gov/storage/battery-reuse-recycling
https://docs.nrel.gov/docs/fy19osti/71350.pdf
https://www.nrel.gov/transportation/libra
https://www.mdpi.com/2313-0105/10/3/81
https://renewablesadvice.com/battery/sodium-ion/
https://www.mdpi.com/2313-0105/11/2/61
https://en.wikipedia.org/wiki/Energy_storage
https://decarbonization.visualcapitalist.com/all-commercially-available-long-duration-energy-storage-technologies-in-one-chart/
https://decarbonization.visualcapitalist.com/all-commercially-available-long-duration-energy-storage-technologies-in-one-chart/

https://en.wikipedia.org/wiki/lron_redox_flow_battery
97. Underhyped Tech - Organic Flow Batteries — Frontier Tech Hub, accessed May

30, 2025, https://www.frontiertechhub.org/insights/organic-flow-batteries

98. A comprehensive review of metal-based redox flow batteries: progress and
perspectives, accessed May 30, 2025,
https://www.tandfonline.com/doi/full/10.1080/17518253.2024.2302834

99. Organic Flow Batteries Explained - PWRjoule, accessed May 30, 2025,
https://www.pwrjoule.com/blog/blog-organic-flow

100. Zinc—bromine battery - Wikipedia, accessed May 30, 2025,
https://en.wikipedia.org/wiki/Zinc%E2%80%%3bromine_battery

101. Inhibition of Zinc Dendrites in Zinc-Based Flow Batteries - Frontiers, accessed
May 30, 2025,
https://www.frontiersin.org/journals/chemistry/articles/10.338%/fchem.2020.00557

/pdf
102. Solid-State Batteries: Chemistry, Battery, and Thermal Management ...,

accessed May 30, 2025, https://www.mdpi.com/2313-0105/11/6/212
103. Solid-State Batteries: US$9B Market Opportunity by 2035 | IDTechEx ...,
accessed May 30, 2025,

https://www.idtechex.com/en/research-article/solid-state-batteries-us-2b-marke

t-opportunity-by-2035/32670
104. Solid-State Lithium Batteries: Advances, Challenges, and Future ..., accessed

May 30, 2025, https://www.mdpi.com/2313-0105/11/3/90

105. Energy Storage | Transportation and Mobility Research | NREL, accessed May
30, 2025, https://www.nrel.gov/transportation/energy-storage

106. Thermal Energy Storage | Buildings - NREL, accessed May 30, 2025,
https://www.nrel.gov/buildings/storage

107. Thermal Methods in Thermal Energy Storage - Thermtest, accessed May 30,
2025, https://thermtest.com/thermal-methods-in-thermal-energy-storage

108. Next-Gen Concentrating Solar Power Research Heats Up at NREL ..., accessed
May 30, 2025,
https://www.nrel.gov/news/detail/program/2022/next-gen-concentrating-solar-p
ower-research-heats-up-at-nrel

109. Phase-change material - Wikipedia, accessed May 30, 2025,
https://en.wikipedia.org/wiki/Phase-change_material

110. What are phase change materials (PCMs), and why are they critical for energy
eﬁ‘lmency in modern technology7 Quora, accessed May 30, 2025,

they- crltlcal for-enerqy-efficiency-in-modern-technology

111.  pcm products, accessed May 30, 2025, https://www.pcmproducts.net/

112.  Efficient Phase-Change Materials - ARPA-E, accessed May 30, 2025,
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/efficient-p
hase-change-materials

113. Recent Status and Prospects on Thermochemical Heat Storage ..., accessed

May 30, 2025, https://pmc.ncbi.nim.nih.gov/articles/PMC8394121/
114. A Critical Review of Thermochemical Energy Storage Systems -



https://en.wikipedia.org/wiki/Iron_redox_flow_battery
https://www.frontiertechhub.org/insights/organic-flow-batteries
https://www.tandfonline.com/doi/full/10.1080/17518253.2024.2302834
https://www.pwrjoule.com/blog/blog-organic-flow
https://en.wikipedia.org/wiki/Zinc%E2%80%93bromine_battery
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2020.00557/pdf
https://www.frontiersin.org/journals/chemistry/articles/10.3389/fchem.2020.00557/pdf
https://www.mdpi.com/2313-0105/11/6/212
https://www.idtechex.com/en/research-article/solid-state-batteries-us-9b-market-opportunity-by-2035/32670
https://www.idtechex.com/en/research-article/solid-state-batteries-us-9b-market-opportunity-by-2035/32670
https://www.mdpi.com/2313-0105/11/3/90
https://www.nrel.gov/transportation/energy-storage
https://www.nrel.gov/buildings/storage
https://thermtest.com/thermal-methods-in-thermal-energy-storage
https://www.nrel.gov/news/detail/program/2022/next-gen-concentrating-solar-power-research-heats-up-at-nrel
https://www.nrel.gov/news/detail/program/2022/next-gen-concentrating-solar-power-research-heats-up-at-nrel
https://en.wikipedia.org/wiki/Phase-change_material
https://www.quora.com/What-are-phase-change-materials-PCMs-and-why-are-they-critical-for-energy-efficiency-in-modern-technology
https://www.quora.com/What-are-phase-change-materials-PCMs-and-why-are-they-critical-for-energy-efficiency-in-modern-technology
https://www.pcmproducts.net/
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/efficient-phase-change-materials
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/efficient-phase-change-materials
https://pmc.ncbi.nlm.nih.gov/articles/PMC8394121/

ResearchGate, accessed May 30, 2025,
https://www.researchgate.net/publication/241460968 A Ciritical Review of Ther

mochemical_Energy Storage_Systems
115. Hydrogen Energy Storage: Grid and Transportation Services - Publications,

accessed May 30, 2025, https://docs.nrel.gov/docs/fy150sti/62518.pdf
116. Path to hydrogen competitiveness A cost perspective, accessed May 30,
2025,

https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-C

ompetitiveness_Full-Study-1.pdf
117.  Green Hydrogen and the Energy Transition: Hopes, Challenges, and Realistic

Opportunities, accessed May 30, 2025, https://www.mdpi.com/2673-4141/6/2/28

118.  The Colors of Hydrogen | The Belfer Center for Science and ..., accessed May
30, 2025, https://Iwww.belfercenter.org/research-analysis/colors-hydrogen

119.  Why hydrogen colours matter, accessed May 30, 2025,
https://gh2.org/blog/why-hydrogen-colours-matter

120. Technology Strategy Assessment - Bidirectional Hydrogen Storage -
Department of Energy, accessed May 30, 2025,
https://www.energy.gov/sites/default/files/2023-07/Technology%20Strategy%20A

ssessment%20-%20Bidirectional%20Hydrogen%20Storage.pdf
121.  High-Efficiency Hydrogen Production | ARPA-E, accessed May 30, 2025,

https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/high-effici
ency-hydrogen-production

122.  Proton Exchange Membrane (PEM) Water Electrolysis: Cell-Level
Considerations for Gigawatt-Scale Deployment - OSTI.GOV, accessed May 30,
2025, https://www.osti.gov/pages/biblio/2510896

123.  Proton Exchange Membrane Electrolysis Revisited: Advancements ...,
accessed May 30, 2025, https://www.mdpi.com/2673-4117/6/4/72

124. Techno-Economic Analysis of Low-Carbon Hydrogen Production Pathways for
Decarbonizing Steel and Ammonia Production - NREL, accessed May 30, 2025,
https://www.nrel.gov/docs/fy250sti/87997.pdf

125. Hydrogen Storage Technology, and Its Challenges: A Review - MDPI, accessed
May 30, 2025, https://www.mdpi.com/2073-4344/15/3/260

126. Hydrogen Storage | Department of Energy, accessed May 30, 2025,
https://www.energy.gov/eere/fuelcells/hydrogen-storage

127. Hydrogen energy industry chain analysis and liquid hydrogen storage-Tycorun
Batteries, accessed May 30, 2025,
https://www.tycorun.com/blogs/news/liquid-hydrogen-storage

128. Hydrogen storage - Wikipedia, accessed May 30, 2025,
https://en.wikipedia.org/wiki/Hydrogen_storage

129. Materials-Based Hydrogen Storage | Department of Energy, accessed May 30,
2025, https://www.energy.gov/eere/fuelcells/materials-based-hydrogen-storage

130. newclimate.org, accessed May 30, 2025,
https://newclimate.org/sites/default/files/2023-03/the_role_of hydrogen_in_decar

bonisation_24_02_final_O.pdf
131.  Hydrogen in Combustion Turbine Electric Generating Units Technical Support



https://www.researchgate.net/publication/241460968_A_Critical_Review_of_Thermochemical_Energy_Storage_Systems
https://www.researchgate.net/publication/241460968_A_Critical_Review_of_Thermochemical_Energy_Storage_Systems
https://docs.nrel.gov/docs/fy15osti/62518.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://www.mdpi.com/2673-4141/6/2/28
https://www.belfercenter.org/research-analysis/colors-hydrogen
https://gh2.org/blog/why-hydrogen-colours-matter
https://www.energy.gov/sites/default/files/2023-07/Technology%20Strategy%20Assessment%20-%20Bidirectional%20Hydrogen%20Storage.pdf
https://www.energy.gov/sites/default/files/2023-07/Technology%20Strategy%20Assessment%20-%20Bidirectional%20Hydrogen%20Storage.pdf
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/high-efficiency-hydrogen-production
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/high-efficiency-hydrogen-production
https://www.osti.gov/pages/biblio/2510896
https://www.mdpi.com/2673-4117/6/4/72
https://www.nrel.gov/docs/fy25osti/87997.pdf
https://www.mdpi.com/2073-4344/15/3/260
https://www.energy.gov/eere/fuelcells/hydrogen-storage
https://www.tycorun.com/blogs/news/liquid-hydrogen-storage
https://en.wikipedia.org/wiki/Hydrogen_storage
https://www.energy.gov/eere/fuelcells/materials-based-hydrogen-storage
https://newclimate.org/sites/default/files/2023-03/the_role_of_hydrogen_in_decarbonisation_24_02_final_0.pdf
https://newclimate.org/sites/default/files/2023-03/the_role_of_hydrogen_in_decarbonisation_24_02_final_0.pdf

Document - Environmental Protection Agency, accessed May 30, 2025,
https://www.epa.gov/system/files/documents/2023-05/TSD%20-%20Hydrogen%
20in%20Combustion%20Turbine%20EGUs.pdf

132.  What the latest IPCC report says about zero-carbon fuels - Clean Air Task
Force, accessed May 30, 2025,
https://www.catf.us/2022/11/what-the-latest-ipcc-report-says-about-zero-carbo
n-fuels/

133. Roadmap towards zero emissions - Hydrogen Council, accessed May 30,
2025,
https://hydrogencouncil.com/wp-content/uploads/2021/10/Transport-Study-Full-
Report-Hydrogen-Council-1.pdf

134. A Realist Approach to Hydrogen - Information Technology and Innovation
Foundation (ITIF), accessed May 30, 2025,
https://itif.org/publications/2024/01/16/a-realist-approach-to-hydrogen/

135. Global Hydrogen Review 2023 - Analysis - IEA, accessed May 30, 2025,
https://www.iea.org/reports/global-hydrogen-review-2023

136. Exploring the Water Footprint of “Green” Hydrogen for Power Generation in
California - UCLA Luskin Center for Innovation, accessed May 30, 2025,
https://innovation.luskin.ucla.edu/wp-content/uploads/2025/04/Exploring-the-Wa
ter-Footprint-of-Green-Hydrogen-for-Power-Generation-in-CA.pdf

137. Hydrogen Insights 2024, accessed May 30, 2025,
https://hydrogencouncil.com/en/hydrogen-insights-2024/

138. Table: Overview of existing and planned certification systems and ..., accessed
May 30, 2025,
https://www.iea.org/reports/global-hydrogen-review-2024/table-overview-of-exi
sting-and-planned-certification-systems-and-regulatory-frameworks

139. Beyond Batteries: The Future of Long-Duration Energy Storage, accessed May
30, 2025,
https://climateinsider.com/2025/03/25/beyond-batteries-the-future-of-long-dura
tion-energy-storage/

140. www.energy.gov, accessed May 30, 2025,

https://www.energy.gov/sites/prod/files/2019/07/f64/2018-OTT-Energy-Storage-S
potlight.pdf

141. Issue Brief Outlines Hydrogen Transportation Barriers - Great Plains ...,
accessed May 30, 2025,
https://betterenergy.org/blog/issue-brief-outlines-hydrogen-transportation-barri
ers/

142.  hydrogencouncil.com, accessed May 30, 2025,
https://hydrogencouncil.com/wp-content/uploads/2023/12/Hydrogen-Insights-De
c-2023-Update.pdf

143. Theimportance of focusing on jobs and fairness in clean energy transitions -
IEA, accessed May 30, 2025,
https://www.iea.org/commentaries/the-importance-of-focusing-on-jobs-and-fair
ness-in-clean-energy-transitions

144. How Does 'Energy Transition' Impact Job Growth?, accessed May 30, 2025,



https://www.epa.gov/system/files/documents/2023-05/TSD%20-%20Hydrogen%20in%20Combustion%20Turbine%20EGUs.pdf
https://www.epa.gov/system/files/documents/2023-05/TSD%20-%20Hydrogen%20in%20Combustion%20Turbine%20EGUs.pdf
https://www.catf.us/2022/11/what-the-latest-ipcc-report-says-about-zero-carbon-fuels/
https://www.catf.us/2022/11/what-the-latest-ipcc-report-says-about-zero-carbon-fuels/
https://hydrogencouncil.com/wp-content/uploads/2021/10/Transport-Study-Full-Report-Hydrogen-Council-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2021/10/Transport-Study-Full-Report-Hydrogen-Council-1.pdf
https://itif.org/publications/2024/01/16/a-realist-approach-to-hydrogen/
https://www.iea.org/reports/global-hydrogen-review-2023
https://innovation.luskin.ucla.edu/wp-content/uploads/2025/04/Exploring-the-Water-Footprint-of-Green-Hydrogen-for-Power-Generation-in-CA.pdf
https://innovation.luskin.ucla.edu/wp-content/uploads/2025/04/Exploring-the-Water-Footprint-of-Green-Hydrogen-for-Power-Generation-in-CA.pdf
https://hydrogencouncil.com/en/hydrogen-insights-2024/
https://www.iea.org/reports/global-hydrogen-review-2024/table-overview-of-existing-and-planned-certification-systems-and-regulatory-frameworks
https://www.iea.org/reports/global-hydrogen-review-2024/table-overview-of-existing-and-planned-certification-systems-and-regulatory-frameworks
https://climateinsider.com/2025/03/25/beyond-batteries-the-future-of-long-duration-energy-storage/
https://climateinsider.com/2025/03/25/beyond-batteries-the-future-of-long-duration-energy-storage/
https://www.energy.gov/sites/prod/files/2019/07/f64/2018-OTT-Energy-Storage-Spotlight.pdf
https://www.energy.gov/sites/prod/files/2019/07/f64/2018-OTT-Energy-Storage-Spotlight.pdf
https://betterenergy.org/blog/issue-brief-outlines-hydrogen-transportation-barriers/
https://betterenergy.org/blog/issue-brief-outlines-hydrogen-transportation-barriers/
https://hydrogencouncil.com/wp-content/uploads/2023/12/Hydrogen-Insights-Dec-2023-Update.pdf
https://hydrogencouncil.com/wp-content/uploads/2023/12/Hydrogen-Insights-Dec-2023-Update.pdf
https://www.iea.org/commentaries/the-importance-of-focusing-on-jobs-and-fairness-in-clean-energy-transitions
https://www.iea.org/commentaries/the-importance-of-focusing-on-jobs-and-fairness-in-clean-energy-transitions

https://felpower.com/how-does-energy-transition-impact-the-overall-workforce
/

145. Renewable Energy and Jobs - Annual Review 2024 | International Labour
Organization, accessed May 30, 2025,
https://www.ilo.org/publications/renewable-energy-and-jobs-annual-review-202
4

146. Energy Technology Perspectives 2023 - NET, accessed May 30, 2025,
https://iea.blob.core.windows.net/assets/dlec36e9-fb41-466b-b265-45b0e7a4af
36/EnergyTechnologyPerspectives2023.pdf

147.  Understanding Carbon Capture Use Storage (CCUS) - The CCUS Hub,
accessed May 30, 2025,
https://ccushub.ogci.com/ccus-basics/understanding-ccus/

148. A Vision for Carbon Capture, Utilisation, and Storage in the EU ..., accessed
May 30, 2025,
https://www.catf.us/resource/a-vision-carbon-capture-utilisation-and-storage-eu
/

149. The 4 Major Carbon Capture Technologies Explained: A ..., accessed May 30,
2025, https://www.capturemap.no/carbon-capture-technologies/

150. Carbon Dioxide Capture, Utilization, and Sequestration: Current Status,
Challenges, and Future Prospects for Global Decarbonization | ACS Engineering
Au, accessed May 30, 2025,
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00049

151. Breakthrough Carbon Capture Tech Achieves 99% CO, Removal, accessed
May 30, 2025,
https://energiesmedia.com/breakthrough-carbon-capture-technology-removes-
99-co2-in-lab-tests/

152. CCUS technology innovation — CCUS in Clean Energy Transitions — Analysis -
IEA, accessed May 30, 2025,
https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-technology-in
novation

153.  www.globalccsinstitute.com, accessed May 30, 2025,

https://www.globalccsinstitute.com/archive/hub/publications/17011/costs-co2-ca
pture-transport-and-storage.pdf

154. The Complete Guide to Energy Storage Systems: Advantages, Disadvantages,
and Future Trends - ACE Battery, accessed May 30, 2025,

https://www.acebattery.com/blogs/the-complete-guide-to-energy-storage-syste
ms-advantages-disadvantages-and-future-trends

155. Hybrid Energy Systems: Opportunities for Coordinated Research -
Publications, accessed May 30, 2025,
https://docs.nrel.gov/docs/fy210sti/77503.pdf

156. Concentrating Solar Power Best Practices Study - Publications, accessed May
30, 2025, https://docs.nrel.gov/docs/fy200sti/75763.pdf

157.  white paper - batteries innovation roadmap 2035 - eurobat, accessed May 30,
2025,

https://www.eurobat.org/wp-content/uploads/2024/11/white-paper-innovation-ro



https://felpower.com/how-does-energy-transition-impact-the-overall-workforce/
https://felpower.com/how-does-energy-transition-impact-the-overall-workforce/
https://www.ilo.org/publications/renewable-energy-and-jobs-annual-review-2024
https://www.ilo.org/publications/renewable-energy-and-jobs-annual-review-2024
https://iea.blob.core.windows.net/assets/d1ec36e9-fb41-466b-b265-45b0e7a4af36/EnergyTechnologyPerspectives2023.pdf
https://iea.blob.core.windows.net/assets/d1ec36e9-fb41-466b-b265-45b0e7a4af36/EnergyTechnologyPerspectives2023.pdf
https://ccushub.ogci.com/ccus-basics/understanding-ccus/
https://www.catf.us/resource/a-vision-carbon-capture-utilisation-and-storage-eu/
https://www.catf.us/resource/a-vision-carbon-capture-utilisation-and-storage-eu/
https://www.capturemap.no/carbon-capture-technologies/
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00049
https://energiesmedia.com/breakthrough-carbon-capture-technology-removes-99-co2-in-lab-tests/
https://energiesmedia.com/breakthrough-carbon-capture-technology-removes-99-co2-in-lab-tests/
https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-technology-innovation
https://www.iea.org/reports/ccus-in-clean-energy-transitions/ccus-technology-innovation
https://www.globalccsinstitute.com/archive/hub/publications/17011/costs-co2-capture-transport-and-storage.pdf
https://www.globalccsinstitute.com/archive/hub/publications/17011/costs-co2-capture-transport-and-storage.pdf
https://www.acebattery.com/blogs/the-complete-guide-to-energy-storage-systems-advantages-disadvantages-and-future-trends
https://www.acebattery.com/blogs/the-complete-guide-to-energy-storage-systems-advantages-disadvantages-and-future-trends
https://docs.nrel.gov/docs/fy21osti/77503.pdf
https://docs.nrel.gov/docs/fy20osti/75763.pdf
https://www.eurobat.org/wp-content/uploads/2024/11/white-paper-innovation-roadmap-2024-Tech-Annex_web_version-3.pdf

admap-2024-Tech-Annex_web_version-3.pdf
158. www.diva-portal.org, accessed May 30, 2025,

https://www.diva-portal.org/smash/get/diva2:1587593/FULLTEXTO1.pdf

159. Techno-Economic Analysis of the Business Potential of Second-Life Batteries
in Ostrobothnia, Finland - MDPI, accessed May 30, 2025,
https://www.mdpi.com/2313-0105/10/1/36

160. Combined economic and technological evaluation of battery energy storage
for grid applications, accessed May 30, 2025,
https://smeng.ucsd.edu/wp-content/uploads/Combined-economic-and-technolo
gical-evaluation-of-battery-energy-storage-for-grid-applications.pdf

161. Energy Storage Technology and Cost Assessment: Executive Summary - EPRI,
accessed May 30, 2025, https://www.epri.com/research/products/3002013958

162. Next-Gen Battery Innovations: Lithium-Sulfur, Sodium-lon, and Beyond (Latest
Research Stats) | PatentPC, accessed May 30, 2025,
https://patentpc.com/blog/next-gen-battery-innovations-lithium-sulfur-sodium-i
on-and-beyond-latest-research-stats

163.  Insight of Synthesis of Single Crystal Ni-Rich LiNi1-x-yCoxMnyO2 Cathodes
(Journal Article), accessed May 30, 2025,

https://www.osti.gov/pages/biblio/2498365



https://www.eurobat.org/wp-content/uploads/2024/11/white-paper-innovation-roadmap-2024-Tech-Annex_web_version-3.pdf
https://www.diva-portal.org/smash/get/diva2:1587593/FULLTEXT01.pdf
https://www.mdpi.com/2313-0105/10/1/36
https://smeng.ucsd.edu/wp-content/uploads/Combined-economic-and-technological-evaluation-of-battery-energy-storage-for-grid-applications.pdf
https://smeng.ucsd.edu/wp-content/uploads/Combined-economic-and-technological-evaluation-of-battery-energy-storage-for-grid-applications.pdf
https://www.epri.com/research/products/3002013958
https://patentpc.com/blog/next-gen-battery-innovations-lithium-sulfur-sodium-ion-and-beyond-latest-research-stats
https://patentpc.com/blog/next-gen-battery-innovations-lithium-sulfur-sodium-ion-and-beyond-latest-research-stats
https://www.osti.gov/pages/biblio/2498365

	Navigating the Global Energy Transition: A Comprehensive Analysis of Decarbonization Technologies, Strategies, and Imperatives 
	Executive Summary 
	I. The Imperative for Decarbonization and Energy Transition 
	A. Defining the Landscape: Decarbonization and the Energy Transition 
	B. Driving Forces: Climate Goals, Economic Opportunities, and Energy Security 
	C. Global Commitments and the Role of International Bodies (UNFCCC, IEA, IRENA) 

	II. Foundational Pillars: Renewable Energy Generation 
	A. Solar Photovoltaics (PV): Technology, Market Trends, and Future Prospects 
	B. Wind Power (Onshore and Offshore): Innovations, Deployment, and Challenges 
	C. Hydropower: Established Role and Modernization Potential 
	D. Geothermal Energy: Tapping into Earth's Heat 
	E. Biomass and Bioenergy: Sustainable Pathways and Considerations 
	F. Comparative Analysis: Performance, Cost, and Environmental Footprint 

	III. Enabling Flexibility: Energy Storage Systems 
	A. Electrochemical Storage 
	1. Lithium-Ion Batteries (LFP, NMC, NCA, LMO, LTO): Chemistries, Performance, Cost, and Supply Chain 
	2. Emerging Battery Technologies (Sodium-ion, Flow Batteries, Solid-State) 

	B. Thermal Energy Storage (TES): Sensible, Latent (PCMs), and Thermochemical Storage 
	C. Hydrogen as an Energy Vector: Production, Storage, and Reconversion 
	D. Mechanical Storage: Pumped Hydro, CAES, and Flywheels 
	E. Role in Grid Stability and Renewable Integration 

	IV. The Hydrogen Ecosystem: A Key to Sectoral Decarbonization 
	A. Production Pathways: From Grey to Green and Turquoise Hydrogen 
	B. Storage and Transportation Infrastructure 
	C. Utilization Across Sectors: Industry, Transport, and Power 
	D. Challenges and Opportunities for a Global Hydrogen Economy 

	V. Mitigating Industrial and Power Sector Emissions: Carbon Capture, Utilization, and Storage (CCUS) 
	A. CO2 Capture Technologies: Pre-combustion, Post-combustion, Oxy-combustion, Direct Air Capture (DAC) 
	Works cited 




