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Executive Summary

This deliverable presents the initial phase of Task 2.3 “State of the Art (SOTA) Review:
Research and Existing Solutions” within the POWERBASE project, focusing on the
identification and evaluation of alternative low-emission power solutions for emergency
shelters and operational bases of European emergency response organizations. The
report provides a systematic assessment of both commercial-off the shelf technologies
and emerging technologies, creating a solid foundation for comparing their performance
metrics, operational feasibility, and potential deployment in emergency repsonse
scenarios.

By synthesizing insights from extensive literature reviews and leveraging collaborative
inputs from emergency response practitioners and externals, the analysis has developed
detailed technology fact sheets. These fact sheets include a description and an initial
stakeholder mapping, designed to support the upcoming Open Market Consultation,
helping to identify relevant suppliers and developers of the most promising
technologies.

These preliminary findings will play a critical role in guiding the activities of Task 2.4”
Capability Gap Validation (SOTA vs. requirements)”’, which will compare the identified
technologies against user-defined operational needs. The insights gained from this
phase will be further refined and expanded in Deliverable D2.5 Final “SOTA Report &
Act or s inderpoéating additional stakeholder feedback and technology validation to
strengthen the strategic foundation for future procurement decisions.
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1. Introduction
1.1. SOTA and Actor mapping in the context of POWERBASE

In the context of the broader POWERBASE project, as outlined in the Grant Agreement,
the State-of-the-Art (SOTA-) Analysis and Stakeholder Mapping represent a vital
component, specifically detailed in T2.3, “State of the Art (SOTA) Review: Research and
Exi sting .SThit tagkistaniesl ih M2 and is expected to be completed by M12.

The primary objective is to identify and analyse solutions designed to reduce emissions
and potentially substitute diesel generators by evaluating existing and emerging
technologies for power supply in Emergency Shelters (ES) and Bases of Operations
(BoOs). Furthermore, this task will catalogue the key stakeholders involved in supply
and development of such potential solutions.

The preliminary results of T2.3 are presented in this document; Deliverable D2.4,
entitled “SOTA Report &Actors Map V1”7 (Version 1), submitted by M5 or February 2025.

These first findings will subsequently be shared with all POWERBASE Emergency
Response Organizations (PEROs) during Workshop 4 in M6, to enable a comparison of
technology performance against functional requirements (T2.2) as defined in
Deliverable D.2.2, “Functional Requirement Report V1" to identify potential capability
gaps as part of T2.4, “Capability Gap Validation (SOTA vs. requirements)é. Furthermore,
these preliminary results will serve as basic fundamental knowledge input for starting
T3.2 the “Open Market Consultation and Market Analysis” starting in M6, as part of the
overall Procurement Preparation (WP3).

This document outlines the overall planning and methodology for the T.2.4., including
the processes used to generate the final outcomes. The refined, updated results will be
featured in a subsequent deliverable, D2.5, “SOTA Report & Actors Map,” scheduled for
submission at the end of the project in M12.

1.2. Definition of SOTA-Analysis

Although a substantial body of scientific literature exists on SOTA-Analyses across
various research disciplines, there remains a lack of a unified definition or standardized
methodological framework. Within the POWERBASE project, we define a SOTA as a
structured synthesis of the most advanced developments in a specific technology
domain. This analysis systematically reviews and evaluates recent research,
methodologies, and innovations that define the cutting edge of knowledge and
performance capabilities. By critically assessing existing literature, technologies, and
practices, the SOTA identifies prevailing benchmarks, compares strengths and
limitations, and highlights emerging trends that shape the field’s trajectory.

This approach aligns with the structured methodology proposed by Barry et al. (2022),
who developed a six-step framework for conducting SOTAs [1]. Their work emphasizes
that SOTAs are not merely descriptive reviews but interpretive syntheses that explore
the evolution of knowledge, key turning points, and potential future directions [1]. As
outlined in their research, SOTAs should be grounded in a clear epistemological and
ontological stance, ensuring methodological rigor in selecting and analysing relevant
literature. It begins with (1) defining the research question and field of inquiry, followed
by (2) determining the timeframe, which establishes the chronological scope of the
review. Next, (3) refining the research question ensures alignment with the selected
timeframe. The process continues with (4) developing a search strategy to
systematically identify relevant literature [1]. (5) Analysing the literature involves
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identifying key turning points, trends, and critical gaps. Finally, (6) incorporating
reflexivity ensures transparency by acknowledging how the researcher’s perspectives
influence the interpretation of findings [1].

By adopting these principles, the POWERBASE project aims to establish a robust and
transparent SOTA Analysis methodology that contributes to the advancement of the field
while maintaining high standards of knowledge synthesis.

In line with the objectives of POWERBASE, the aim of the SOTA-Analysis is to establish
a foundation for future research by identifying critical gaps, areas requiring further
exploration, and the most suitable technology options. The primary purpose is to inform
key stakeholders, particularly practitioners, procurers and decision makers of an
organization, about the latest advancements and performance benchmarks of relevant
technologies. This ensures that future initiatives and procurement activities are
grounded in the most up-to-date knowledge available, guiding procurement strategies
and operational planning.

Within the POWERBASE project, the SOTA report serves a crucial function in preparing
for procurement by identifying key stakeholders involved in providing or developing low-
emission energy solutions. This “Stakeholder Map” highlights primary market actors
such as technology suppliers (producers and vendors) offering commercially available
solutions. It also includes research and technology organizations (RTOs) working on
emerging solutions that, while not yet commercially available, may significantly impact
future procurement decisions, particularly in cases where pre-commercial procurement
of novel technologies is being considered. and their decision-makers. By systematically
matching ERO’s requirements with each solution’s performance (as part of T2.4,
“Capability Gap Validation”), this structured approach empowers EROs and related
decision-makers to engage with the most relevant stakeholders. Therefore, it extends
beyond the scope defined by Barry et al. (2022), moving past mere summaries of the
latest advancements, research trends, and key developments in a specific technological
field [1]. However, this approach seamlessly integrates with the European Assessment
Framework for Innovation Procurement (EAFIP) methodology’'s “Prior Art Analysis”
framework, specifically designed to inform and optimize the strategic preparation of
both Pre-Commercial Procurement (PCP) and Public Procurement of Innovative
Solutions (PPI) projects.

Although the broader POWERBASE project addresses low-emission energy supply, the
SOTA analysis specifically focuses on mobile low-emission electricity solutions. This
focus is driven by the need to reduce reliance on diesel generators, which are
predominantly used for electricity generation in temporary emergency settings.
Broadening the scope to include other energy-related aspects, such as independent
heating and cooling, would significantly increase the analytical complexity beyond what
is feasible within the project’s 12-months timeframe. Therefore, the SOTA-Analysis
remains dedicated to the assessment of mobile power generation, conversion, and
storage technologies for ESs and BoOs. For the same reason, aspects such as energy
management, optimization of use, and demand reduction, while crucial for emissions
reduction in emergency response settings, are not included in this analysis. However,
their relevance is acknowledged as part of the broader context of sustainable energy
strategies for emergency response operations.

PUBLIC 10
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2. Methodology and procedure
2.1. Overview of the methodology

The SOTA analysis in POWERBASE follows the structured six-step methodology
proposed by Barry et al. (2022) [1]:

1. Defining the research scope and key questions(finished)

To ensure a targeted and relevant review, we identified the scope of our analysis,
focusing specifically on mobile low-emission energy solutions for BoOs and ESs in
emergency response operations.

2. Establishing the timeframe (finished)

A timeframe was set to assess both the current status quo and the future technological
landscape up to the next 10 years (2035). This includes solutions that are not yet
commercially available but are expected to commercially emerge within this period. By
considering technological advancements projected within this timeframe, we aim to
provide insights into both existing market-ready solutions and those with future
deployment potential.

3. Refining research questions to align with the timeframe (finished)

To enhance focus, the questions were refined to address electricity generation,
conversion, and storage solutions exclusively, excluding other energy management,
optimization, and consumption-reduction systems. Additionally, independent heating
and cooling solutions were excluded. This decision ensures that the SOTA-Analysis
remains focused on technologies offering direct power generation and supply
capabilities comparable to today’s diesel generators for emergency response
operations.

4. Developing a systematic search strategy and identifying solutions and related
information (finished)

A multi-faceted approach was used to systematically identify relevant technologies,
structured around three main pillars: (a) practitioner-driven input (b) results of other
research projects; (c) a comprehensive literature review, analysing energy research
initiatives; and (d) an additional data acquisition from POWERBASE partners and
contacts.

5. Conducting a Comprehensive Analysis (Ongoing Stage)

We began by reviewing relevant literature, primarily focusing on scientific publications
while also incorporating product descriptions from sources such as websites, samples
of market analyses, and trade fair catalogues. For each identified technology, we
compiled a detailed summary of its properties and functionality, assessing its
feasibility, maturity, and market situation.

Next, we prioritized these technologies according to the PERO’s basic functional
requirements and our literature findings, emphasizing their practicality for BoO and
ESs. By integrating these perspectives, our analysis provides a preliminary review of the
available mobile low-emission electricity solutions. Based on these results the
technology fact sheets (TFS) (see Chapter 0) were developed.

6. Validation with EROs and Gap identification and Result refinement (Future Stage)
Stage 6 will centre on validation with EROs to ensure alignment with operational
requirements. During WS4 Needs validation and prioritization, the technologies will be
compared with prioritized user needs to highlight any gaps between available solutions
and practitioner expectations. EROs may also select emerging technologies for further,
in-depth investigation and propose additional solutions they find relevant.
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Stages 1 to 4 were completed in the first part of T2.3. The technology briefs presented
in this deliverable serve as the output generated during Stage 5. Deliverable D2.5 will
cover the second part of T2.3 and additional results from T2.4 Capability Gap Validation
(SOTA vs. requirements)d., including an expanded market and stakeholder analysis,
developed in collaboration with and for WP3.

2.2. Solution identification

This chapter explains the methodology used to search for and progressively identify
technologies relevant to the POWERBASE project. It covers Stage 4 (“Developing a
systematic search strategy and identifying solutions and related information”) and
Stage 5 (“Conducting a Comprehensive Analysis”), detailing how the identified
technologies were categorized and subsequently organized for further examination.

2.2.1.Initial solution collection

The initial collection for identifying suitable solution for POWERBASE was based on four
different sources:

a) Practitioner-driven input

To ensure the practical relevance of the identified technologies, this research
incorporated both direct and indirect input from practitioners within Emergency
Response Organizations (EROs) at various stages of the project lifecycle.
Engagement with practitioners commenced as early as the proposal phase, during
which experts from THW, with extensive experience in diverse emergency response
missions across Europe and worldwide, contributed valuable insights through
brainstorming sessions. These initial discussions facilitated the early identification
of potentially relevant technological solutions. Further input from additional PEROs
was integrated during the POWERBASE Kick-Off Meeting, particularly during the
scenario-development session, where multiple technologies were highlighted by
PERO representatives. Notably, AutRC shared insights from their experimental
deployment of “Sunflowers,” a photovoltaic solar energy technology, while MSB
elaborated on their experiences with large-scale renewable energy systems used for
emergency shelters in Africa. Moreover, during WS2, which focused on PEROS’
operational requirements, discussions covered a broad spectrum of potential energy
solutions. Key technologies considered included photovoltaic solar panels, battery
storage, solar integration on tents, electric vehicles as mobile energy storage units,
seawater batteries, printable power supply units fabricated from locally available
materials, and methane-based energy storage solutions. These findings demonstrate
that the scenario-definition and requirements assessment workshops discussions
extended beyond their target, incorporating mentions of potential solutions.

b) Research projects in the area of renewable energies (especially mobile solutions)
Several projects in the field of renewable energies, particularly focusing on mobile
solutions, have been identified. These include, for example, REMULES! (KIRAS),
NOMADZ2, Suninbox, 3CHeaP* Schneeberger®, REACH®, RenGen’, MobileBatterys,

I https://www.kiras.at/gefoerderte-projekte/detail/remules/
2 https://www.projectnomad.eu/

3 http://www.suninbox.eu/

4 https://cordis.europa.eu/project/id/684516

5 https://cordis.europa.eu/project/id/882564

6 https://cordis.europa.eu/project/id/830204

7 https://cordis.europa.eu/project/id/ 763365

8 https://cordis.europa.eu/project/id/666278
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SophiA®, and H2Rescuel®. These projects also describe the underlying technologies
for the generation, conversion, and storage of renewable energy.

Particularly relevant for the SOTA-analysis is the recently completed INDY!! project,
which developed technology briefs for a comparable focus area (military camps). The
identified projects, and especially INDY, have served as one of the key pillars for
identifying the list of technologies considered in POWERBASE.

c) Publications of Global Renewable Energy Research Institutions

For a more structured and systematic analysis, a literature review was conducted to
examine scientific sources summarizing key developments in the green energy
transition, as well as outlooks and roadmaps for relevant technologies. This review
includes sources from the International Energy Agency (IEA) [2-4], the International
Renewable Energy Agency (IRENA) [5-7], the European Commission’s Joint Research
Centre (JRC) [8] and Fraunhofer [9-11]. Similar to the examination of different
project results, the study assessed the technologies, based on the mobility and
electricity supply focus.

d) Additional Datasheet from partners and contacts
Additionally, we created a database to gather information from individuals who
contacted us via our website or Linkedln regarding relevant technologies and
complete technology systems. The database was also accessible to all Powerbase
partners throughout the project, allowing them to add relevant products they
discovered. Entries were assessed and categorized by technology components or
systems.

Building on these identified technologies from the other research projects, publications
from global renewable energy research institutions and the additional Datasheet, an
initial list of technologies was compiled.

2.2.2.Basic requirements identification

A key challenge for T2.3 arises from the timeline set for T2.2 “Common requirements,
need identification and definition ” in the original proposal, related to project's overall
duration of only 12 months. T2.2 began in M2 but will not deliver its results (Deliverable
D2.2, “Functional Requirement Report V1”) until the end of Mb5. Consequently, it
remains impossible (prior to M6) to measure the identified technologies against the
requirements specified in D2.2.

A central lesson learned from this process is the need to align the timeline of
requirements identification with technology evaluation to avoid gaps that necessitate
preliminary assumptions. Future projects should adopt an iterative approach, ensuring
critical requirements are defined before searching for and reviewing potential solutions.
As a step to overcome this challenge, basic functional requirements were established
using information available by M3. These basic functional requirements guide the
comprehensive analysis, ensuring that evaluations remain relevant and aligned with
POWERBASE objectives.

Initially, a set of suitability and relevance criteria was derived from the POWERBASE
findings available at M3, as detailed in the scenario definitions within D2.1. These
criteria include:

9 https://cordis.europa.eu/project/id/101036836

10 https://www.dhs.gov/science-and-technology/news/2023/08/17/feature-article-using-hydrogen-
power-disaster-relief

11 https://ife.no/en/project/indy-energy-independent-and-efficient-deployable-military-camps/
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Scalability

Modularity: capable of integrating generator, battery, and solar sources composed
components suitable to the specific operation

Environmental Adaptability and robustness

Mobility and Transportability

Ease of Maintenance

Integration with Existing Infrastructure

Rapid Deployment Capability into remote areas,

Grid Independence: Energy self-sufficiency

Easy and brief installation, low-complexity assembly

> >

oI D D > D D

During WS 2, titled “PERO Needs Assessment”, these preliminary or basic requirements
and evaluation criteria were confirmed by the PEROs in the results illustration from the
Miro board screenshot (see. D.2.2). These basic requirements were used to filter out
non-relevant solutions (e.g., those lacking mobility or transportability) and also guided
the design of the TFSs (see Figure 1).

2.2.3.Literature review

This process involved a thorough literature review using Web of Science, Springer
Nature, and Google Scholar. Through targeted keyword searches in the relevant
technological domains, the review focused on publications from the past three to five
years to maintain an up-to-date overview of research and development, as intended for
a SOTA-Analysis. These selected publications served as the basis for a better
understanding of its functionality as well as examining both the advantages and
disadvantages of each technology, as well as identifying existing challenges and ongoing
research efforts aimed at addressing them (see Figure 1 ).

In addition to academic publications, publicly available market studies and executive
summaries from industry reports were collected to evaluate the market situation of each
technology. These sources offered valuable insights into commercialization potential,
adoption rates, and the competitive landscape. By integrating scientific findings with
market assessments, this approach provides a well-rounded understanding of
technological advancements and their economic implications and key players and
potentially relevant suppliers.

This more comprehensive information was then used and to further filter the relevant
technologies and to determine whether each identified solution is more relevant and
should be prioritized. By adopting a structured approach, the project ensures a
systematic assessment that thoroughly covers essential solutions by the end of M5,
while preparing key technologies for presentation to EROs and further evaluation in WS4.
Moreover, it established the foundation for developing descriptions of the various
technologies.
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Figure 1: Methodology to identify the list of technologies for POWERBASE

Based on this analysis, the technologies were broadly classified into four categories.
For the first two categories, comprehensive technology briefs were developed, while for
the latter two, concise mini-briefs were created:

Commercial Off-The-Shelf (COTS) promising technologies
Emerging highly promising technologies (EHPET)
Emerging moderately promising technologies (EMHPET)

POWERBASE

v > > >

Emerging lowly promising technologies (ELPET)

Table 1: Final list of Technologies

COTS technologies | Emerging highly
promising
technologies (EHPET)

Crystalline Silicon Wave-energy

(EMHPET)

Emerging moderately
promising technologies-

Perovskite and tandem

Emerging lowly
promising
technologies (ELPET)
Small modular nuclear

Solar Cells converters solar cell reactors

Thin Film Panels Sodium-lon Batteries Airborne wind & kites Tidal Energy

(second Generators
generation)

Small -Hydro Metal Hydrides for Solid-state wind energy Human Kinetic Energy
Generators Hydrogen Storage technologies System

Small Wind Solid-state batteries Lithium Sulphur batteries Liquid organic
Turbines hydrogen carriers
Lithium-lon Metal-Air Batteries E-Fuels

Batteries

Methanol
Hydrogen internal

Hydrogen Storage
Flow-batteries

combustion engines

Fuel Cell for
Hydrogen
Electrolysers
Hydrogen

Micro gas turbines

(MGTs
Waste to Biogas

PUBLIC

E-Ammonia

Human Kinetic Energy
System

Liquid organic
hydrogen carriers
Compressed Air
Energy Storage
(CAES)

Super caps

Carnot Batteries (CB

Flywheel (mechanical
energy storage)
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2.3. Structure of the Solution Catalogue

The Solution Catalogue is divided into two main sections, the first (Chapter 3) presents
Technology Fact Sheets (TFSs), each evaluating an “individual technology” that can
contribute to low-emission energy supply systems for BoO and ESs. For example, a solar
panel on its own qualifies as an individual technology because it is an intermittent
energy generation source, requiring storage and potentially energy conversion
technologies. The second section (Chapter 4) focuses on complete system solutions
available on the market, meaning products with fully integrated setups that combine
multiple components, such as energy generation, conversion, and storage, into a single,
holistic solution, and can also include hybrid systems with diesel generators.

The first version of the Solution Catalogue focuses on reviewing the key performance,
relevant stakeholders and practicality of individual technologies, based on the basic
functional requirement that were previously identified and a described in Chapter 2.2.2.
The design and content of the TFSs are explained in more detail in Chapter O "Technology
Fact Sheet Design. Furthermore, it includes a list of holistic system solutions that were
identified.

An in-depth system-level assessment is presented in D2.5, SOTA Report & Actors Map
the final version, in M12. This version further refines the review of individual
technologies based on the findings of T2.4 Capability Gap Validation (SOTA vs.
requirements), incorporating prioritized requirements and feedback from the PEROs.
These refinements will be carried in Stage 6, the final phase of the overall SOTA Plan.

Technology Factsheet design

For each of the COTS technologies and ‘EHPETs’, a full TFS has been developed. For
the remaining emerging technologies (‘EMPETs and ‘ELPETs), a Mini- technology fact
sheet has been created, providing a concise summary of their functionality, as well as
their key advantages and disadvantages.

The rationale for distinguishing between full and Mini-TFSs is that POWERBASE
prioritizes COTS technologies and EHPETSs, because these solutions require significantly
less effort to adapt to emergency response scenarios and their unique requirements.
Conversely, EMPETs and ELPETs, those not expected to reach market maturity for
several years, lacking sufficient mobility, being too costly, delivering insufficient energy,
or functioning only under very specific environmental conditions such as tidal currents,
receive a brief review at this stage. However, they will still be presented to the PEROs
in WS4, where they may be reclassified as EHPETs if selected for further investigation,
ultimately leading to a full TFS in D2.5 “SOTA Report & Actors Mapo.

Generally, the full TFS template is structured around two main components. The first
provides a general overview of the technology, including its functions, subtypes, ongoing
research, market developments, primary use cases, and key performance metrics (e.g.,
watt ranges for generation or watt-hour capacities for storage). The second component
focuses on meeting the functional requirements of the EROs for BoO and ESs, e.g.
logistics.

At the beginning TFS there is brief Overview table including the following:
A Status: Whether it is market-available or in R&D.
A Energy Focus: Categorized as Storage, Generation, Efficiency, or Conversion.
A

Keywords: Key descriptors and related aspects (e. g., HF, Solar, Air, Gas, Wind,
Fuel).
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Following the overview section, each fact sheet begins with an abstract, which provides
a concise summary of the technology’s purpose, fundamental properties, potential
advantages and disadvantages, and its overall relevance for consideration within the
POWERBASE framework. Afterwards, each fact sheet is then structured into the
following key chapters:

l. Definition, Motivation, and Purpose - Defines the technology’'s scope,
capabilities, and limitations, as well as the motivation behind its development
and its consequential relevance. (Section 1)

[I.  Functionality and Technical Explanation — Describes the core working principles
of the technology and its key components, explores dependencies on other
technologies, and differentiates between sub-types based on variations in
structure, components, and materials. (Section 1)

[1. Performance requirements— Presents key performance metrics for evaluating the
technology’s effectiveness and suitability (Section 1)

IV.  Current Technological Development Trends & Market Analysis — Investigates
ongoing research, market trends, and major players, in the sector, while also
analysing Europe’s positioning in the market and research. Furthermore, this part
also includes a concise list of relevant stakeholders and products, providing an
indicative map of key actors involved (Section 1)

V.  Technical Challenges and Prognosis/Primary Use Cases - Identifies existing
barriers to technology development and deployment, discusses potential future
improvements, and outlines key use cases and deployment for commercially
available solutions. (Section 1)

VI.  Logistics / expected logistics - Discusses transportation, installation,
maintenance, and operational logistics related to emergency response missions,
with a particular focus on mobility, transportability, and rapid deployment
capability in remote areas. (Section 2)

VIl.  Competing Current and Future Solutions - Compares the technology with
existing and emerging alternatives, highlighting strengths and weaknesses.
VIll.  Deployment and Applications for Emergency Response Organizations — Outlines

how the technology would be used in BoO and ESs and related operational
settings. (Section 2)

IX. Operational Considerations — Examines practical factors affecting technology
performance, particularly in relation to the user requirements, including ease and
brief installation, low-complexity assembly, ease of maintenance and durability,
integration with existing infrastructure, environmental adaptability, robustness,
and scalability. (Section 2)

X.  Safety and Security Aspects — Identifies potential risks, security challenges, and
mitigation strategies (Section 2)

Xl.  Social Acceptance and Ethical Aspects — Discusses public perception, ethical
concerns, and the broader societal impact of the technology, including issues
such as environmental justice and community acceptance. (Section 2)

Afterwards the references are for the individual TFS are already listed for traceability
and comprehensibility for the reader.

For emerging technologies that have not been classified as the most promising
technologies due to a lack of market proximity or incompatibility with the requirements
of PEROs, Mini-TFSs have been created. These fact sheets only include two sections:
Functionality and Technical Explanation, as well as an overview of the advantages and
disadvantages of the respective technology and the expected relevance for EROs. If these
emerging technologies selected and are assessed by PEROs during WS4 as useful and
having future potential, full TFSs will subsequently be developed for these identified
technologies in the second phase of Task 2.4.
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2.4. Workshop 4 Planning

As WS 4, "PERO Needs Validation & Prioritisation" approaches, conducted as part of
T2.4, Capability Gap Validation (SOTA vs. requirements)6. we have developed the following
methodology and planned the agenda accordingly:

Preparation-Phase

In coordination with the task lead of T2.2 ‘Common Requirements, Need Identification,
and Definition’ (AuRC), we sent a “basic Performance Requirements Questionnaire” to
all PEROs. The goal was to collect more quantitative data on specific performance
requirements, supplementing the rather qualitative functional requirements gathered in
T2.2. This approach ensures a clearer understanding of the targeted and measurable
performance requirements and technical specifications for a suitable low-emission
solution This data allows us to compare and match performance requirements and,
consequently, to identify potential capability gaps in T2.4 “Capability Gap Validation
(SOTA vs. requirements)’ The questionnaire was designed to differentiate between the
minimum essential performance (must-haves) and the preferred features, such as
solution sizes, for the various PEROs. The results will be analysed and presented during
WS4, supporting structured discussions and serving as reference points for prioritizing
and specifying functional requirements. They will highlight variations in PERO
preferences based on the quantitative inputs from the Performance Requirements
Questionnaire. The collected results of this survey (raw data) are described in chapter
2.5.

Validation of Commercial-off-the-Shelf technologies

To ensure a structured and effective validation process, the methodology will follow a
step-by-step approach, providing participants with clear instructions and predefined
evaluation criteria, the functional requirements described in D2.2 “Functional
requirement report V1" as well as the quantitate requirements (minimum and maximum
values) collected in the survey ,Basic Performance Requirements Questionnaire”
described above and in Chapter 2.5. Each group will be tasked with assessing energy
solutions based on the functional requirements. Additionally, groups will be encouraged
to identify additional critical challenges and relevant issue that were not considered in
D2.2 that may arise when deploying these solutions in real-world emergency response
scenarios.

Following the recapitulation and discussion of the functional requirements, we will
briefly revisit the scenario developed in D2.1 before presenting COTS-solutions. This
will set the stage for the validation process, conducted using the World Café
methodology [12]. The entire group will be divided into three subgroups, each assigned
one of the three predefined disaster scenarios. In the first round, each group will select
the most suitable energy generation technology for their scenario. They will then
evaluate its practicality, considering operational challenges, functional requirements,
and environmental constraints related to master scenario.

After documenting their findings, the groups will rotate to a new scenario, reviewing the
previous group's work before selecting an appropriate energy storage solution. This
discussion will focus on critical techno-operational issues, and the results will be
recorded to guide the final rotation.

In the last round, each group will assess the entire energy system (generation, storage
and potentially conversion), including the selected COTS-technologies and emerging
technologies within their assigned scenario, evaluating how the selected generation and
storage technologies function together. They will identify trade-offs between different
system, practicality and areas for improvement. To conclude, each group will present
their findings to the others, facilitating a broader discussion and contributing to the
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refinement, leading to the finalisation SOTA and Requirements deliverables of WP2
following the workshops.

To facilitate a consistent assessment process, each discussion round will be guided by
a structured evaluation template that participants will complete, ensuring that findings
are systematically documented and comparable across groups. Moderators will be
present at each station to ensure discussions remain focused and to assist with
clarifications when necessary. They will remain at each table after the rotation cycle to
facilitate the understanding of previously generated results [12]. It should be noted that
participants are encouraged to introduce additional technologies and operational needs
that may not have been previously considered or presented. These new insights will be
incorporated into the ongoing work within WP2, ensuring a more comprehensive and
inclusive assessment.

Validation of emerging technologies in Research and Development

The methodology for validating emerging solution will be similar approach as for
validating COTS. Each group will examine emerging technologies in relation to their
potential application within the next 5-10 years, focusing on technological feasibility,
operational relevance, and future procurement considerations. Additionally, discussions
will aim to identify key challenges, limitations, and critical factors influencing the
deployment of these technologies in practical settings. To promote consistency across
evaluations, a standardized assessment template will be used in each discussion phase.
This will allow findings to be recorded in a structured manner, making them easier to
compare across different groups. Facilitators will oversee the discussions, helping to
ensure focus, provide clarifications when needed, and guide participants through
previously recorded insights after each rotation [12].The same methodology used for
validating emerging technologies applies to the “Validation of Commercial-off-the-Shelf
technologies” described above. In this process, teams first evaluate an emerging energy
generation technology based functional requirements, then rotate to assess an energy
storage or complementary solution for another scenario. Finally, teams review the
integrated energy system, documenting trade-offs, gaps, and priorities. The findings are
presented to all PEROs to refine the SOTA and requirements reports, and feedback may
lead to upgrading Mini-TFSs to full TFSs in D2.5 as previously mentioned.

2.5. Basic Technology Performance Requirement Sheets

In addition to the work described in D2.2 (Functional requirement report V1) a survey
was conducted among end-users to collect more quantitative data on specific
performance requirements, supplementing the more qualitative functional requirements
gathered so far in T2.2.

The survey was sent to the emergency response organizations (partner organizations of
POWERBASE). The objective was to gather insights on the minimum requirements,
maximum acceptable limitations, and optional preferences for systems in the areas of
energy generation, energy conversion, and energy storage:

1 Minimum requirements (Must-haves): The essential specifications that the
technology must meet (e.g., performance, reliability). This can also be
benchmarked against the current performance of diesel generators, setting a
baseline for future renewable energy solutions.

1 Maximum acceptable limitations: The highest level of constraints ERO would still
be willing to accept (e.g., training requirements, weight, volume costs).

1 Optional preferences: Additional features or functionalities that would be
desirable, but not essential.
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These requirements will be further discussed with end-users in Workshop 4 (WS4),
where they will serve as key evaluation criteria for assessing new technology solutions.
The requirements are divided into basic requirements, which include parameters such
as power, voltage, operating time, and cost, and logistical requirements addressing e.g.
transportability, weight, and size, and additional functional requirements covering for
example interoperability, modularity, and safety features. These data were collected to
enhance the orientation of data points for analysing the technologies discussed in
following chapter O.

The following table contains the compiled responses from the end users. The individual
responses are presented as separate bullet points. A consolidated response will be
developed during Workshop 4 and described in D2.5.

2.5.1.Basic technical requirements

Table 2: Basic technical requirements (Overview)

Power Output Watts (W) 1 >500 W / Peaks > 3 kW (latest data showed
average consumption of about 30 kW/h in setting
of Bases of Operations with operational parts)

T  Min: 20 kVA; Max 45 kVA
1 220 kW
1 Small power unit: 8-9 kVA; medium power unit:
20-30 kVA; large power unit: 50-70 kVA
1 Between 11.5 kW and 100 kW
1 5-15 kW
Voltage Range Volts (V) T >400 V / 50 Hz based on available power

generators at the moment
1 230 Volt AC single phase; 380-400 Volt AC three
phase + (nice to have) USB 3 Type A&C - min.

100 W
1T 400/ 230V
1 230 Volt AC single phase; 400 Volt AC three
phase; USB 3 Type A min 100 Watt; USB 3 Type
C min 100 Watt; 12 Volt ~20 Amp; 24 Volt ~20
Amp
T 220V and 380V
1 230V (not frequently used 400 V)
Current Capacity Amperes (A) T 397A
1 16Aand 32 A
Operating Time Hours or days 1 24 hours — peak times in morning and evening
per Charge/Cycle T Min. 6 hours; Optimal: 12-24 hours
T 24 hours
T Small power unit: ~ 4 hours; Medium power unit:
~ 12 hours; Large Power unit: ~ 24 hours
1 16H/day to 20H/day
T 1 day
Response time Minutes or hours 1 <6 hours
(time to reach full 1 Small capacity: < 2 hours; High capacity: < 4
operational hours
capacity) 1 On average 60 min. It depends on the weather
conditions and the site.
T Small power unit: < 1 minute; Medium power
unit: < 1 minute; Large Power unit: < 1 minute
T 30 minutes to 1 hour max
T 1-10 minutes to 509% Power; 1 hour to 100%
Power
Maintenance Frequency, effort, 9§ Set in line with Technical Warranty and Legal /
cost and specific type Normative Regulations, e.g. EN50699
of maintenance
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1 According to provider. Normally, a check of
operational functions is done at least once per
month. Once per year, check oils, etc. Best
practice after every deployment to be checked.
Most of the maintenance can be done by the
operator. 1-2 weeks runtime without any
100H in function, only change the motor oil
Run and forget — No maintenance in 2 Weeks
>10 years
15-20 years
30 years
15-20 Years
Minimum 10 years
1-20 Years depending on purpose
Hard to say. Circa.: 15 - 25 000 €
Approx.: 100 000 €
Approx. 6 000 -16 000 EUR
Between 4 000 € and 40 000 €
8 000 - 20 000 € depending on feature
Optimal lowest as possible per 24 hours. We can
imagine something like 100 — 150 € per day of
operations if needed. Yearly 400 € service, etc.
Only fuel and spare parts, if there is a problem.
We have mechanics.
Similar to diesel generators or lower
130€/h (diesel + adBlue)
Approx. 60-150 EUR/day
Storage capacity Capacity in (Ah) or Covering need for mission autarchy which differs
(for energy storage Total Energy in (kWh) from national to international level (e.g.
technologies or Energy density deployment phase from several days max 14
components) (kWh/kg or Wh/I) or days nationally)
kg H2 1 The modularity is very crucial. If we would like to
have very spectral options to share with different
users. Min. is 10 kW. Optimal 15 kW battery
storage. If the modularity is placed.
1 24V - 180Ah for turn on engine, no storage
batteries are used.
1 Modular storage capacity, the user can attach or
remove battery packs, according to needs. We
cannot give an exact calculation. Approx. 8 000
- 15 000 Ah
T 1 hour at nominal output power

=

Expected lifespan Years

Acquisition Costs €

=4 =8 =8 -8 -84 _8_9_9_9_°9_-°._--°.-5-°9

Operating Costs €

=

= =4 -8 -9

2.5.2.Logistical requirements

Table 3: Logistical requirements (Overview) .

Transportability Air plane, truck, ship, T All of them
Helicopter 1 We use people metric to be transported by:
Smaller unit: 2-4 people; Higher unit:
Wheels/trailer: Nice to have: to use boxes
and good storage frame: to be more
modular, to be transportable by planes.
1 All means ranked in priority: Land, Air,
Water

1 Truck, Helicopter
1 Depending on power unit:

o Small power unit: Transport by 2-4
men; DIN Frame for 5-9 kVA power
unit; EURO Box dimensions;
Transportability: airplane, truck,
ship, helicopter, small car, Quad

o Medium power unit:
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Set up time

Storage
conditions (during
transport)

Overall
weight

System

Overall
size

System

Portability
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Time required for
deployment

E.g. Temperature range,
pressure range, humidity,

dusty environment

Maximum Kilograms (kg)

Maximum in cubic meters
(m3) or dimension in (m)

vehicle dependent, Man-
portable components (e.g.
individual modular
component of the system can
be carried by max. 6 people),
other...

POWERBASE

Transportability: trailer, small truck, airplane,
truck, ship, helicopter; pallet dimensions (1 or
2 pallet) with maximum 1-1.2-meter height

o Large Power unit:

Transportability: trailer, truck, ship

1

1
1

= =

= =4 =4 -8 9

= =

= =

= =4 A =9

National: Truck,
International: all four
Maximum 1 hour
Small unit: max 5 minutes; Higher unit:
max 10 minutes

Small power unit: Maximum 2 minutes;
Medium power unit: Maximum 5 minutes;
Large Power unit: Maximum 10 minutes
Maximum 1 hour

1-15 minutes

Min.: IP68, dust prove, windproof. High
and low Temperature resistance (cooling
and heating)

According to international
standards for extreme conditions
-25°C + 55°C, 800 - 1010 hPa; 0-100%,
available for dusty environment

Min IP54, but the best is IP68

Not relevant

According to international cargo standards
189 Kg to 1 650 Kg

Nice to have: 100 kg smaller unit; 750 kg
higher unit; If the options are possible,

Ship, Helicopter;

logistics

split them into parts and use them in
different ways.
Per wunit in line with portability and

logistics standards and scalable

5 500 kg

Small power unit: Max. 100 kg; Medium
power unit: Max. 750 kg with trailer; Large
Power unit: Max. 1 500 kg

Components must be transportable by
plane

0.4 m3to 5.08 m3

Standards is: W: 130cm x L: 200cm x H
120cm

19 m3 4.50x 2.20x 2.50 Hm

Approx. W:130cm x L:200cm x H:120cm
Euro-pallet-size

Transportable on standardized means of
transportation, e.g. Euro Pallett (EUR /
EPAL), Standard Containers ideally framed
in the logistics related ISO clusters

[t can be moved by hand with one person
for the 11.5 kW. The 100 Kw need a forklift
Yes, max. 6 people. Photovoltaic panels by
2 people. Depending on size and capacity,
we use for battery: 2 people min.; highest
unit of course trailer and trucks or cars.
According to Austrian Regulations for Job
Safety a max. weight to be carried (load
capacity) per person of 10 kg s
acceptable. (to be scaled up to weight
carried in teams)

The power generator is positioned on a
hook-lift system that can be transported by
truck

Man-portable
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2.5.3.Further functional requirements

POWERBASE

Table 4: Further functional requirements (Overview)

Space required by the entire T As small as possible. Flexible set up according to given
installed system frame on scene e.g. installation area vs installation
height.

1T 20m?

1 As small as possible, we cannot give an exact measure.

1 1 m?2 on ground surface for 11.5 KW model and more
than 5 m? for the 100 KW

1 Euro-pallet-size. Regenerative Energy collectors can take
more space

1 Hard to say; we do not have exact numbers, but 120W
per m2 for the photovoltaic panels is the minimum.

Interoperability with legacy T Yes, we discussed that in any case, we can use diesel
systems (hybrid-ability) generators as backup to even charge. In case of bad
conditions.

1 Compatible standardized connectors and converters
(other systems and with still in use fossil fuels solutions)

1 Itis not possible to combine it with other systems.

1 No hybrid-ability.

1 High priority — ability to use various systems in parallel
to raise the overall output power.

Noise emissions (in dB) 1 Optimal 50-70 dB max. 90 dB for the ear’s restrictions.

1 Noise emissions (in dB): 80 dB standardized to eight or
40 hours or a peak level of 135 dB

T 95dB

T As low a decibel as possible

T 83dBatl mand69 dB at7 m for both the 11.5 kW and
100 kW models

1 Lower than internal combustion engines ~70 dB

Scalability & Compatibility with § It would be great to have possibility to add

other units and technologies mini/micro/pico water turbines. If we go to photovoltaic
not solar system we have benefits for use in different
weather, even winter with bifacial solution and use of
reflection from the snow. Solar panels need direct sun in
good quality. If we can use some stream of water we
could benefit even during the night.

1 Set of smaller and bigger capacities or building block
systems, compatible standardized connectors and
converters (other systems and with still in use fossil fuels
solutions).

1 Itis possible to connect it with other systems in parallel.

1 Compatible with all national electrical systems.

1 Scalability by ability to use various systems in parallel,
and possibility to support other technologies by load
sharing.

Modularity (components of the 9§ To have possibility if something fails to change in

system can simply be exchanged) different countries. Or we discussed a centralized service
centre which could support team on a mission and be in
charge of service. Also, we had discussion on GPS
locators and remotely. connections to check SW and HW.
Which could be benefit to be more operable and not
focusing on errors.

1 Deployable in national settings and international
settings with other stakeholders

T Yes.

1 For small devices, a modular frame would be good, in
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which the associated units (generator, inverter, battery
pack, connector, control unit, etc.) can be relatively
freely and the unit corresponding to the given situation
can be packed together. For example, if energy is needed
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Durability & Robustness (shock
resistance, exposure to extreme
weather conditions e.g.
Temperature range, wind speed,
humidity, dusty environments)

Mobile App Integration for Control
& Monitoring

Safety Features (e.g. automatic
shutdown, hazard prevention)

Training simplicity (e.g. required
training time and complexity)

Environmental impact
(recyclability, carbon footprint)

Data security (protection of
sensitive operational data)
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for a shorter period of time, then several battery packs
that last and can be charged afterwards; if it is a longer
period of time, then a generator module and battery
packs could be packed. The same applies to solar
modules, or further connections, DC charging
connections, etc.

Components can be exchanged, but it needs mechanics.
Modularity that e.g. a battery can be exchanged and/or
that components can be functional on their own

The engine is protected by a metal container which
ensures resistance to impacts and exposure to extreme
weather conditions.

No information on this subject. Just electrical plugs are
IP 67 and generator is IP 23.

Shock resistance to rough transport situations, no
operability restrictions in heavy rain; derating possible
in extreme temperature situations; dust proof

Yes, or remote access. From HQ or Centralized service
centre.

Nice to have.

The control panel is equipped with a digital control unit
in the Automatic version or manual.

Not relevant.

Mobile app for monitoring and control is beneficial, but
it has to be functional, if mobile app is not available.
Yes. Even a GPS locator for theft purposes. Or shipment
troubles.

In line with national and international standards and
regulations regarding on-the-job-safety.

They are equipped with several safety features to ensure
safe and efficient operation, such as: automatic
shutdown systems, overload protection, earthing
systems. These features help ensure not only operator
safety, but also the reliability and longevity of the
generator set.

With which multiple energy sources can be connected
and synchronized, so that the units are switched on and
off depending on the actual load. Also, a digital
connection between dedicated devices and the energy
source.

Ground connection, automatic shutdown in the event of
overheating, circuit breaker.

System has to be safe and in line with standards.

Yes definitely. Min 3 days. And also, to discuss who will
be certified to operate, under which conditions to
prevent of losing warranty, etc.
Best case plug-and-play or
training.

1 day, all firefighters are trained in the use of the
equipment and vehicles supplied.

One hour of formation, more for the mechanics.

1-3 hours of training max.

In that case anything would be better than now...
Carbon footprint as small as possible; Recyclable parts
or re-use-options for other purposes.

Generator sets are made of various materials, including
metals (such as steel and aluminium), plastic, and
electronic components. Many of these materials can be
recycled, reducing the overall environmental impact.
Carbon footprint

Should be very efficient in the use of combustibles and
it must offer the possibility of making renewable energy
sources available at the site.

There is nothing to add. according to GDPR standards.

very simple layman’s
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1 Data sovereignty and use of standard protocols for
exchange.

1 10T protection.
1 All telemetry must be optional/and need a switch to
deactivate
Other 1 TUKE - Technical University in Kosice has SW to measure

the best spot for photovoltaic on spot. Even measuring
different possibilities and collecting data.

1 Something to consider using as metric data to
understand needs and to find the best possibilities in
different conditions, countries and circumstances. We
also have to see and prepare our tools to be more
efficient on missions with this type of technology.

1 Using the heat generated during the processes for
alternative heating. For example, from the cooler through
pipes. Additionally, combustion product discharge to a
distance of about 10 meters.

2.6. Further Planning and deliverable comparison

As outlined in Chapters 1.1 and 2.1, the output of this deliverable SOTA report & actors
map V1 is based on T2.3 “State of the Art (SOTA) Review: Research and existing solution
until M5 (February 2025). The forthcoming final results will be presented in the final
version, D2.5 SOTA report & actors map due in M12 (September 2025).

This final version will refine the SOTA Review and solution catalogue based on inputs
from D2.2, the results of the user functional requirements review, requirement
prioritization, and narrowing, as well as other feedback from the PEROs in WS4 ‘PERO
Needs Validation & Prioritization,” scheduled for M6 as part of T2.4 “Capability Gap
Validation (SOTA vs. requirements)d. This will include additional performance
requirements for Chapter 3 and expected performance values for each relevant
technology described in this report. For a better overview of the planned progress and
changes from D2.4 to D2.5, please refer to Fehler! Verweisquelle konnte nicht
gefunden werden..

Furthermore, D2.5 will include additional information based on the bibliometric analysis
with Fraunhofer’s KATI tool of leading RTOs and companies in the respective area of
technologies as well as potential trends. Moreover, the selected EMHPETs and ELPETs
by the PEROs during WS4 will be further elaborated into a full TFS. Additionally, if any
POWERBASE partner identifies further relevant individual technologies, these can also
be added to the solution catalogue. Moreover, if requested further suppliers can be
added.

Furthermore, D2.5 will include System Solution Fact Sheets (SSFS). These are
presented as a straightforward table that compares the performance requirements with
the system solution performance, based on the product descriptions. Some of the
identified system solutions are listed but have not yet been thoroughly evaluated in
Chapter 4.
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Table 5: Comparison of Technology fact sheets in different the deliverables.

Technology Fact Sheet D2.4 SOTA and Stakeholders D2.5 SOTA and Stakeholders
chapter analysis V1, M5 analysis (final), M12

Definition, Motivation, and
Purpose

Functionality and Technical
Explanation

Performance requirements

Current
development

technological

Market analysis

Technical Challenges and
Prognosis/Primary Use Cases
Logistical aspects

Competing current and future
solutions

Deployment and Applications
for Emergency Response

Organizations
Operational considerations

Safety and Security Aspects

Social Acceptance, ethical
aspects

PUBLIC

\%
\%

On the basis of the basic
requirements of the end-user
focusing on the technical
performance

\Y

General market overview,
example of products and
relevant companies

On the basis of the basic
requirements of the end-user
\

General aspects

General aspects

General aspects

Potentially refined based on
additional feedback
Potentially refined based on
additional feedback

Refined evaluation according
to all performance
requirements

Potentially refined based on
additional feedback

RTOs based on bibliometric
(KATI) analysis-analysis

Potentially refined based on
additional feedback
Potentially refined evaluation
according to all prioritised
ERO-requirements

Potentially refined on the
basis of experts from the
advisory board

Refined evaluation according
to all prioritised ERO-
requirements

Potentially refined evaluation
according to all prioritised
ERO-requirements p
Potentially Refined evaluation
according to all prioritised
ERO-requirements and experts
from the advisory board
Potentially Refined evaluation
according to all prioritised
ERO-requirements and experts
from the advisory board
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3. Technology fact sheets

Information on certain technologies often varies significantly due to the open approach
taken, which allowed investigators and authors considerable flexibility in how they
collected and presented their findings. This freedom has resulted in a diverse range of
formats, from detailed tables that enable direct comparisons to concise bullet points
emphasizing key aspects, and even narrative descriptions offering in-depth
explanations. Despite these differences, each technology is systematically documented
in a comprehensive fact sheet that covers all critical aspects. These fact sheets are
structured into twelve distinct sections, ensuring that every relevant topic is addressed
based on the available data.

Considering the performance requirements and the need to identify suitable technology
providers and developers, Part Ill, “Performance Indicator,” which provides an overview
of relevant metrics, and Part IV, “Current Technological Development
Trends/Development Trends & Market Analysis,” which reviews pertinent products, are
the most critical sections. As previously explained, COTS and EHPETs are detailed in
full TFS, whereas EMPET and ELPET receive only brief descriptions in what are called
Mini-TFSs

3.1. Commercial of the Shelf technologies

3.1.1. Crystalline silicon photovoltaic cells

Status: Market available

Energy focus of the Electricity-Generation

component:

Key words: PV, Solar, Sunlight, C-Sil PV
Summary

Crystalline silicon photovoltaic cells provide a reliable and efficient renewable
energy solution for various applications. Their high efficiency, long lifespan, and
durability make them well-suited for both permanent and mobile power generation.

Key advantages include strong performance under direct sunlight, scalability, and
relatively low maintenance. However, c-Si PV systems require significant space, have
high initial costs, and depend on sunlight, necessitating energy storage solutions
for continuous power supply.

I. Definition, Motivation and Purpose

Photovoltaic (PV) cells are semiconductor devices that convert sunlight directly into
electrical power, distinguishing them from solar thermal systems, which harness
concentrated heat to generate energy. Initially developed for autonomous electricity
generation in space for satellites, the motivation behind PV technology has evolved
substantially to address pressing global energy challenges. At present, crystalline
silicon (c-Si) PV or C-Sil PV cells are central PV-technology aimed at reducing
dependence on fossil fuels, mitigating climate change, and supplying clean electricity
to remote regions [1]. Their high efficiency, reliability, and long-term stability have
established them as the most widely adopted solar technology, suitable for both
residential and large-scale commercial applications.

PUBLIC 27



[ R POWERBASE

Il.  Functionality and Technical explanation

C-Sil PV cells are the so-called first generation of PV technology convert sunlight directly
into electrical power via the photovoltaic effect [2-4]. When incident light strikes the
silicon material, electrons are excited, creating electron-hole pairs [3]. These carriers
are subsequently separated by an electric field formed at the interface between p-type
(positive) and n-type (negative) silicon, resulting in a voltage difference [3]. Once an
external circuit is connected, the resulting flow of electrons generates current, which
can be utilised for power [3,5-7].

The performance of C-Sil PV technology is affected by several factors, including the
intrinsic material properties of the semiconductor, environmental conditions (e.g.,
irradiance, angle of incidence, and temperature), and advancements in cell design. Two
primary variants of c-Si wafers are employed: monocrystalline and polycrystalline
silicon, each distinguished by a unique production method.

Monocrystalline silicon is typically fabricated using the Czochralski technique, wherein
a single crystal is gradually drawn from molten silicon to achieve high uniformity and
efficiency [8]. In contrast, polycrystalline silicon is produced by casting molten silicon
into moulds, allowing it to solidify into multiple smaller crystals [8]. Although casting
is simpler and more cost-effective, the resultant wafers exhibit lower efficiency owing to
grain boundaries between the crystals [8]. Consequently, monocrystalline technology
has become the predominant form of ¢-Si production, while polycrystalline technology
is being phased out due to its comparatively lower efficiency and higher fragility [1].

Given these characteristics, monocrystalline silicon is generally regarded as the
superior option for applications in operations and emergency shelters, where space
constraints and harsh environmental conditions prevail. Despite its slightly higher mass,
monocrystalline silicon exhibits notable durability, enabling it to withstand
transportation, high winds, heavy snowfall, and prolonged ultraviolet exposure.

Table 6: Performance comparison of subtypes [9]

Sub-type Efficiency Advantages Disadvantages Energy Output
per sunny Hour
(W/m?)

Monocrystalline 189% - 239% (STC) High efficiency Expensive 160 - 210 W
Works better in More silicon (Com.)
16% - 21% low light & heat wastes
(Com.) Space-efficient Affected by
shading
Polycrystalline 159% - 18% (STC) Lower cost Lower efficiency 130 - 160 W
Less energy- Needs more (Com.)
13% - 16% intensive space
(Com.) production Weaker in low
light & heat
*Energy efficiency in a PV cell refers to the percentage of sunlight that is converted into usable electrical energy,
indicating how effectively the cell transforms solar energy into electricity.

*STC are standard laboratory conditions
**Com. are under commercial conditions
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Ill. Performance requirements

Table 7: Performance Metrics for C-Silicon-PV

Metric/Propert Value per Module

Power Output (W)

Typical Voltage
Range (V)

Current (A)

Typical Operating
Time

Response Time
(Minutes or

Maintenance

Expected lifespan
Acquisition Costs

Maximum Power (Pmax) — The peak power output of the module under
Standard Test Conditions (STC)- Individual c-Si solar cell 5 W to 10 W. A
full 60-cell or 72-cell module/panel 235 — 700 W under STC per module
(typically 300-400 under STC) [1,8,107,

130-210 W/m? under commercial conditions [9]

30V - 50V Voltage varies depending on the panel design, typically DC [8]

8A - 12 AMaximum Power Current (Imp, A) Current at delivered peak
power[8]

8A - 15A Short-Circuit Current (Isc, A): Maximum current when the circuit is
shorted [8]

Continuous, during daylight hours
Immediate (<1 second) if there is sunshine

Low (Periodic cleaning required for dust and dirt; inverter replacement
every 10-15 years)

25-30 years|[8]
Global average 0,31€ per W (STC 2023) [11] without inverter for

converting Direct Current into Alternating current
Operational Cost -
25-30 years for PV panels. Panels degrade gradually, typically 0.5-1% per

Lifespan

year
Extreme High temperatures reduce the efficiency of solar panels. For every 1°C
temperature increase above 25°C, panels lose approximately 0.3-0.59% of their

efficiency, so a panel might produce 10-20% less output in extreme heat.
Cold temperature can slightly positively affect the performance.

60 cell configuration panel A 95-110 cm x 165-175 cm x 3-3.5 cm (250-
350 W STC), Residential)[12] A 169 W per m? STC

72 cells configuration panel A 95-110 cm x 195-210 cm x 3-3.5 cm
(300-400 STC)[12]A 172 m? STC

60 cell configuration panel 17-21 kg)[12], ca.11 kg per m?
72 cells configuration panel (20-25 kg[12] ca.1l kg per m?
11.6 kg/m? [1]

Space requirement Ca. 9 to 15 m? for generating 10kwh if its sunny day with 5 peak sun hours
for deployment (PSH)[9]
*STC are standard laboratory conditions

Space dimension

weight

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The C-Sil PV market continues to dominate the global solar industry, with silicon wafer-
based PV technology accounting for approximately 97% of total production in 2023 [1].
particularly China, which dominates over 959% of wafer and ingot production, 869 of
module manufacturing, while Europe and North America contribute only to the total
production 2% each [1]. However, the high concentration of manufacturing reliance of
key-components in one region also presents potential supply risks. Hence, Europe and
the USA, though a large market for PV energy, relies heavily on imports but is actively
investing in local production and diversification and through political initiatives.

Brief supply chain disruptions in 2022 temporarily caused price spikes, though market
conditions stabilized in 2023 The cost of PV-generated electricity (Levelized -cost of -
energy/LCOE) has dropped to 3.1 to 5.7 cents per kWh, implying an 809 cost reduction
in the past 10 years [11]. This also indicates a Market shift from subsidy driven to
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competitive pricing model. Owing to this development, the International Energy Agency
already proclaimed already in 2020 that it is now the “cheapest source of new electricity

generation

n
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Regarding the sub-types, the market is shifting toward larger, high-efficiency mono-

crystalline modules, while multi-crystalline technology continues to phase out [1].

Table 8: Global Market Leaders [14]

Headguarters (Country)

SunPower Corporation

JinkoSolar Holding Co., Ltd.

JA Solar Holdings Co., Ltd

Canadian Solar Inc.
Trina Solar Ltd.

Table 9: European Manufacturers[1]

Headquarters Production Locations
Countr

Meyer Burger
RECOM

ASWS

Megasol

Soluxtec
Sonnenstromfabrik
Solarwelt (Heckert)

Aleo Solar
Exiom

Voltec Solar
SoliTek

Peimar

BiSoL

3S KarpatSolar

Switzerland
France
Germany
Switzerland
Germany
Germany
Germany

Germany
Spain
France
Lithuania
[taly
Slovenia
Romania

Table 10: Examples for solution providers

| Product_______________|Seller

EcoFlow 160 W portable solar

panel

BLUETTI PV350 Foldable solar

panel

SOLARWATT Panel vision M 5.0
Eco Line N-Type HJT GG BiF

M13 up to720Wp

Vertex S+ 450 - 510 W+

Dragon Wings
Solbianflex
made C-sil panel

panels-Custom-

Ecoflow

BLUETTI

Solarwatt
Luxor

Trinasolar
Southern Beams
SOLBIAN

USA
China
China
Canada
China

Germany, USA

France, Italy, Armenia
Germany (Mettmann)
Switzerland, Germany

Germany (Bitburg)
Germany (Wismar)

Germany (Langenwetzendorf)

Germany (Berlin)
Spain

France (Dinsheim-sur-Bruche)

Lithuania (Vilnius)
[taly

Slovenia

Romania
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Recent advancements in C-Sil PV technology have focused on enhancing efficiency
through innovations such as Passivated Emitter and Rear Contact (PERC) cells, bifacial
modules, tandem cells, and heterojunction cells [1,6]. PERC improves performance by
reducing recombination losses with a passivation layer on the rear surface. Bifacial
modules increase energy yield by capturing light on both sides of the panel, while
tandem cells, combining silicon-perovskite) surpass traditional limits by utilizing a
broader light spectrum [1,6]. Heterojunction cells combine amorphous and crystalline
silicon to reduce surface recombination, achieving higher efficiencies [1,6]. Recent
years have also seen more successful attempts to make c-Si PV more thin and flexible

[15].
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V. Technical Challenges and Prognosis/Primary Use Cases

C-Sil PV is widely employed across multiple sectors due to its high efficiency, reliability,
and scalability. These attributes make it ideal for both residential and commercial
installations, where it enables significant power generation even in space-constrained
settings. Additionally, C-Sil PV cells play a crucial role in large-scale utility solar farms,
contributing substantially to national and regional energy grids [1]. In off-grid
applications, C-Sil PV modules provide clean energy to remote and isolated areas,
improving electricity access and supporting the United Nations’ Sustainable
Development Goals. The technology also facilitates Building-Integrated Photovoltaics
(BIPV), where PV panels are incorporated into architectural elements such as facades,
roofs, and windows, enhancing energy efficiency in urban environments [16]. Another
emerging application is floating solar PV, where modules are deployed on bodies of
water, such as reservoirs and lakes. This configuration not only reduces land use
conflicts but also mitigates water evaporation and enhances system efficiency due to
the cooling effect of the water [17].

Furthermore, C-Sil PV technology is increasingly being integrated with electric vehicle
(EV) charging stations, supporting the transition to sustainable transportation and
reducing reliance on fossil fuels [18]. The agricultural sector also benefits from
agrivoltaics, a practice that combines PV energy production with crop cultivation. This
dual-use approach optimizes land utilization, improves microclimatic conditions for
crops, and enhances water-use efficiency, making agriculture more resilient to climate
change [19,20]. The main technical challenge of PV intermittency lies in its variable and
mismatched generation with demand and associated required storage.

VI. Logistics/expected logistics

C-Sil PV cells can be transported using various means, depending on the urgency of the
deployment. For emergency response, quick deployment is critical, and air transport is
often the fastest option. Airplanes are used for long-distance shipments, capable of
carrying bulk orders to nearby airports, after which ground transport is required to
reach the final destination. For short-range deliveries, helicopters are ideal for accessing
remote or hard-to-reach areas, offering localized, precise transport [21]. Both
transportation methods require specialized packaging and secure loading to prevent
damage to the panels, and temperature control may be necessary to protect them from
extreme conditions during transit [21]. In comparison, diesel generators are generally
more robust and can withstand rougher handling and environmental conditions, whereas
solar PV systems are more fragile and require careful protection during transport,
especially from shock, vibration, and extreme temperatures. However, PV does not
require regular fuel deliveries, engine maintenance, and higher operational costs, solar
systems are more cost-effective over time, with no fuel expenses and lower long-term
upkeep.

VII. Competing current and future solutions

Unlike diesel generators, which rely on fuel and produce emissions, C-Sil PV systems
operate silently, require minimal maintenance, and have no fuel costs. However, PV
systems depend on sunlight, meaning they are intermittent and require battery storage
or additional power generator for consistent power during cloudy days or at night. While
wind turbines could provide 24/7 power in areas with sufficient wind, they are often
noisy and require regular maintenance due to moving parts. PV systems, by contrast,
have fewer moving parts and are easier to deploy, making them a more cost-effective,
low-maintenance. However, it better to think of solutions rather as complementary, as
wind is usually more abundant during the night. Also, preference depends strongly on
the local environmental conditions and season. Considering other photovoltaic
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technologies, C-Sil PV outperforms thin-film in efficiency and durability, although it is
heavier and less flexible than the second generation of PV technologies, such as
amorphous silicon, copper indium gallium selenide, and cadmium telluride, despite
recent improvements in ¢-Si PV [4]. The third generation of PV technologies, including
perovskites and organic PV, offers promising ultra-lightweight, flexible, and potentially
cost-effective options, however, they still face challenges related to stability and
technical maturity [22].

VIIl. Deployment and Applications for Emergency Response Organizations

In disaster zones, these C-Sil PV systems can be rapidly deployed, providing immediate
power for the most critical services in Bases of Operations and Emergency Shelters,
even where road access is limited. As long as sufficient sunlight is available, they do
not require continuous fuel supplies. When combined with energy storage or additional
generation technologies, they can meet more sophisticated energy demands, making
them a versatile and reliable solution. Typically installed on stable structures around
the camps, they require a larger surface area and should be oriented toward the sun.

IX. Operational Considerations

Well-suited for emergency response camps, C-Sil PV systems can be installed within
hours, require minimal operational support (often managed remotely), and have low
maintenance needs (primarily cleaning and occasional inspections). Personnel must be
trained in system installation, operation, and basic maintenance. Integration with
existing systems—such as energy storage or backup generators—is essential to ensure
uninterrupted power. In hot climates, cooling mechanisms help prevent overheating,
while in colder regions, snow accumulation may necessitate regular panel cleaning.
Ideally, these systems should be placed in areas with minimal shading, on flat and
stable surfaces. Best practices for deploying C-Sil PV systems in emergency settings
include clear procedures for quick-response teams to ensure rapid setup, with
equipment organized in a logical order and color-coded connections for easy assembly
[23]. Prioritized power distribution and load management protocols ensure critical
services receive consistent power while preventing system overload [23]. Regular
training and hands-on practice sessions familiarize teams with system components,
building confidence and competence for effective operation during emergencies [23].

X. Safety and Security Aspects

Safety and security are key when deploying C-Sil PV systems in emergency response
settings. Risks include electrical hazards during installation, which can be mitigated
through proper training and safety protocols, and theft or vandalism, which can be
addressed by securing panels in less accessible areas or using tamper-resistant mounts
[24]. Extreme weather conditions, like strong winds or flooding, can also damage the
system; this risk is reduced by using weather-resistant components and secure
anchoring. Regular maintenance and monitoring ensure the system remains safe [24].

XIl.  Social Acceptance, ethical aspect

The social acceptance of C-Sil PV systems is generally positive, especially compared to
wind energy. However, they may still face local risk of rejection, partly due to their land-
use requirements. To mitigate this, it is crucial to provide accurate, accessible
information in local languages to address concerns, reduce skepticism, and foster
informed community support. Additionally, there are ethical concerns related to the
environmental impact of solar panel manufacturing, including pollution from production
processes and challenges with disposal [25]. Another critical issue is the exploitation
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of forced labor, particularly involving Uyghur workers in Chinese production facilities,
which raises serious human rights concerns.

XIl.  References for Crystalline silicon photovoltaic cells
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3.1.2.Thin-Film Photovoltaic

Status: Market available

Energy focus of the Generation

component:

Key words: Solar, Second-generation, thin, flexible, PV, light-weight
Summary

Thin-film photovoltaic (TFPV) technology offers significant advantages for
emergency response operations due to its lightweight, flexible, and portable design.
Unlike traditional crystalline silicon panels, TFPV can be integrated into various
surfaces, deployed quickly, and transported easily, making it ideal for off-grid and
rapid-response scenarios. Its key benefits include lower weight, adaptability to
diverse environments, and good performance in low-light and high-temperature

conditions. However, they generally have lower efficiency compared to conventional
solar panels and may require more surface area to generate the same power output.
Also, as other PV-technology, they depend on sunlight, necessitating energy storage
solutions for continuous power supply. Despite these limitations, its ease of
installation, low maintenance, and ability to provide clean, decentralized energy
make a relevant solution for POWERBASE.

I. Definition, Motivation and Purpose

Thin-film photovoltaic (TFPV)-cells refer to a category of solar technology made by
depositing one or more layers of photovoltaic (PV) material onto a substrate such as
glass, plastic, or metal and the so-called second PV generation [1]. These substrates,
whether flexible or rigid, allow for the deposition of various functional layers (e.g.,
contact, buffer, absorber, reflector) using different fabrication techniques [1]. This
versatility enables precise engineering of the layers to enhance device performance. The
thickness of thin-film layers typically ranges from several nanometres to tens of
micrometres (0.000001 mm to 0.0001 mm), making them significantly thinner than
traditional first-generation crystalline silicon (c-Si) solar cells, which are approximately
0.2 mm thick [1,2]. Due to their ultra-thin structure, thin-film solar cells offer distinct
advantages, including lower weight, flexibility, and ease of handling, making them
suitable for applications where conventional rigid solar panels are impractical [3]. Thin-
film solar technology plays a crucial role in the energy transition by enabling solar power
deployment in diverse and adaptable formats, supporting decentralized and low-carbon
energy solutions. Specifically, for mobile energy generation, its lightweight and flexible
properties facilitate integration into portable devices, vehicles, and remote applications,
making it a key technology for enhancing autonomous energy access in off-grid and
mobile contexts.

1. Functionality and Technical explanation

TFPV-cells are cells are designed to convert sunlight into electricity via the photovoltaic
(PV) effect. When photons from sunlight strike a semiconductor material in the solar
cell, they excite electrons and create electron-hole pairs. An internal electric field
separates these charges, driving electrons toward the cell’s negative side and holes
toward the positive side, thereby generating a voltage difference [4]. The resulting flow
of charges produces an electric current that can be harnessed as electricity. Unlike
crystalline silicon cells, which use self-supporting silicon wafers, TFPV cells rely on thin
semiconductor layers deposited onto a substrate. As a result, the overall structure,
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including the way modules are interconnected and how current flows between layers
differs from that of crystalline silicon devices [5,6].

The structure of a TFSC comprises several key layers, each serving a specific function.
The layers include a substrate, a transparent conducting oxide (TCO) layer, a window
layer, an absorber layer, and a back contact [6,7]. The substrate provides mechanical
strength and stability, and it must be chemically inert to avoid interference during the
fabrication process. In TFPV, the configuration can either be a superstrate, where the
substrate is above the absorber layer, or a substrate configuration, where the substrate
is at the back of the cell. The transparent conducting layer is crucial for both electrical
conductivity and light transmission; it allows photons to pass through to the absorber
layer while ensuring that charge carriers can flow efficiently. This layer is typically made
from a transparent conducting oxide (TCO) or sometimes an n-type degenerate
semiconductor [6,8]. The window layer plays an important role in forming a
heterojunction with the absorber layer and providing a low-resistance path for photons
to reach the absorber. The absorber layer is the key component where light is absorbed,
and charge carriers are generated to create the photocurrent. Therefore, the choice of
material for the absorber layer is critical for cell efficiency. Lastly, the back contact is
usually metallic and designed to prevent light transmission, ensuring minimal optical
losses [8].

A typical TFPV cell consists of several layers, each serving a specific function:

1. Substrate: Provides mechanical stability and must be chemically inert to avoid
contamination during fabrication. In a superstrate design, the substrate is placed
above the absorber layer; in a substrate configuration, it is positioned behind the
cell. [7,8]

2. Transparent Conducting Oxide (TCO): Enables photons to pass through to the
absorber layer while allowing efficient charge transport. This layer is usually
made of a TCO or an n-type degenerate semiconductor.

3. Window Layer: Forms a heterojunction with the absorber layer and ensures
minimal resistance for incoming photons. [7,8]

4. Absorber Layer: The core light-absorbing material where electron-hole pairs are
generated, directly influencing the cell’s efficiency. [7,8]

5. Back Contact: Typically, metallic and non-transparent, it prevents light from
escaping, thereby reducing optical losses. It also must have a higher work
function than the semiconductor to create an effective ohmic contact with the p-
type material. [7,8]

Together, these layers enable TFPV cells to achieve efficient light absorption and charge
collection while maintaining a thin and flexible profile, distinguishing them from
traditional, thicker crystalline silicon solar cells. There are three sub-types of TFPV cells,
based on difference in the material structure that are commercially available today
[1,2,6,8-10]:

Amorphous silicon (a-Si) solar cells use a thin layer of amorphous silicon as the
absorber, sandwiched between p-type and n-type layers to form a p-i-n junction. A
transparent conducting oxide (TCO), such as indium tin oxide (ITO) or zinc oxide, allows
light to enter while also acting as an electrode. These cells are deposited on glass, metal
foils, or flexible polymers, making them lightweight and adaptable. The back contact is
usually metal, like silver or aluminum [1,2,6,8-10].

Copper indium gallium selenide (CIGS) solar cells have a layered structure where a
Cu(InGa)SeF (CIGS) absorber captures sunlight efficiently. A cadmium sulfide (CdS)
layer forms the p-n junction, while a transparent conducting oxide (TCO) like zinc oxide
(Zn0O) allows light to pass through. These layers are typically deposited on a glass or
flexible metal foil substrate, with a molybdenum (Mo) back contact [1,2,6,8-10].
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Cadmium telluride (CdTe) solar cells use cadmium telluride (CdTe) as the main
absorber and cadmium sulfide (CdS) as the window layer. The structure is usually in a
superstrate configuration, where light enters through a transparent conducting oxide
(TCO) like fluorine-doped tin oxide (FTO). These cells are mostly built on glass with a
back contact of copper-doped tellurium (Cu-Te) or carbon [1,2,6,8-10].

Table 11: Performance Comparison of subtypes

Energy Output under

Sub-type Efficiency* Advantages Disadvantages
sunny conditions (per
1)

Amorphous Low-cost, Low efficiency, 91-133W (STC*¥)
Silicon (a-Si) 9.19%-13,26 (STC*¥) flexible, works  degradation over

[11] in low time[12]

light[12]
Cadmium 16-,4 up to 21.1 Cheapest, fast Cadmium 164- Wto 211 W
Telluride (STC**) [11,13] production[12] toxicity, slower (STC**)
(CdTe) efficiency
gains[12]

Copper 17,7 - 23.3% Highest More expensive, 177W to 233 W
Indium (STC**)[11,13] efficiency, complex (STC**)
Gallium flexible, lower production,
Selenide toxicity[12] A bit heavier[12]
(CIGS)

*Energy efficiency in a PV cell refers to the percentage of sunlight that is converted into usable electrical energy,
indicating how effectively the cell transforms solar energy into electricity.

*%STC are standard laboratory conditions

Ill. Performance Requirements

Table 12: Performance Metrics for Thin-Film PV

Metric/Property Value per Module

Power Output (W)

Typical Voltage
Range (V)

Current (A)
Typical Operating
Time

Response Time
Maintenance

Expected lifespan
Acquisition Costs

Operational Cost

Extreme
temperature

Space dimension
Weight

Space requirement
for deployment

90-230 W per m? under STC

0,7-11V per cell (depending on the sub-type)
estimated panel with 72 cells (Series Connection) 43.2- 79.2 V (depending
on the sub-type) [13]

2,18-10.29 A per cell; 8.96 -42,3 mA/cm?[13]
Continuous, during daylight hours

Immediate (<1 second) if there is sunshine

Very low for A-sil, low others Clear debris off the panels as needed to help
them stay efficient. Have the entire system serviced regularly to keep it
running at optimal efficiency[13,14]

up to 20y[15]
0,48 - 0,97 € per W (Without inverter to convert the DC into AC)[16]

Low

Thin-film solar panels excel in hot and humid climates due to their high-
temperature tolerance and superior moisture resistance [17]

Basically, 2-Dimensional and the size can be tailored
2-3 kg per m?

**11.6 m? (high efficiency) and 29.6 m? (low efficiency) to generate 10
kWh per day during average European sunny day with 5hours peak sun

*STC are standard laboratory conditions
** assuming a performance ratio of 0.75, a typical value for real-world conditions
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IV.  Current Technological Development Trends/Development Trends & Market
Analysis

Among the various thin-film technologies, CdTe and CIGS the thin-film global market
[18]. This due the low cost related CdTe and high-efficiency of CIGS. These markets are
expected to continue their growth trajectory due to their relatively low production costs,
high scalability, and versatile applications [18]. They, in particular, are becoming more
readily available due to large-scale production facilities and continuous improvements
in manufacturing, with their manufacturing process being highly efficient and cheaper
compared to other PV technologies. The global supply chain for thin-film solar cells
relies heavily on raw materials such as cadmium, tellurium, indium, and gallium. These
materials are relatively rare and can be subject to price volatility, impacting production
costs and supply stability [18]. For CdTe, the supply chain is influenced by tellurium
and cadmium availability. While China is a key player in the global supply chain for raw
materials and processing, the U.S. and Japan are also critical for manufacturing and
innovation in the thin-film space. First Solar is the leading supplier of CdTe solar cells,
holding a significant market share globally [18]. For CIGS thin-film solar cells, the
market is more fragmented, a few actors also located in Europe [18].

Table 13: Thin-Film Market Leaders [19]

Thin-Film PV Focus

First Solar, Inc. Arizona, USA CdTe
Kaneka Corporation Japan a- silicon
Solar Frontier K.K. Japan CIGS
NanoPV Solar Inc. New Jersey, USA. a- silicon
SoloPower Systems, Inc Oregon, USA CIGS

Table 14: European Manufacturers

Subtype focus

Avancis Germany CIGS
Solibro Germany CIGS
Enecom SRL Italy CIGS
Flisom Switzerland CIGS
Midsummer AB Sweden CIGS
3Sun Italy CIGS
REC Solar Norway Silicon, CdTe
Miasole us CIGS
Solibro Germany CIGS

Table 15: Examples for solution providers

Product (Seller I Link |

-
3
=~ kB

FS-387 3 black (CdS/CdTe) PVExchange/First Solar Link
Renogy 150W CIGS Solar Panel RENOGY Link
BougeRV Yuma CIGS 100W Bouge RV Link
Moolsun 80W 18V CIGS Moolsun Link
Flexible Solar Panel Film ETFE

Waterproof DIY

Renowise CIGS Solarbuy.com /RENOWISE Link
Mobile solar tents, solar pvilion Link
canopies & solar sails (no

specific product names)

Mobile solar tents, solar Tarpon Solar Link
canopies & solar sails (no

specific product names)

Rollable Solar Panels PowerFilm Solar Link

Current research in thin-film photovoltaic technology is centred on improving efficiency,
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especially for CdTe and CIGS cells, while also exploring new materials like perovskites
for potentially higher efficiency and lower production costs. There is significant progress
in flexible thin-film cells aimed at integrating them into building materials (BIPV) and
designing cell specifically for other non-traditional surfaces, windows, facades, mobile
devices, and vehicles. Moreover, sustainability and recycling of thin-film solar panels
are becoming key focuses, addressing the end-of-life challenges of materials like
cadmium and tellurium, as well as developing more eco-friendly production methods.

V. Technical Challenges and Prognosis/Primary Use Cases

Thin-film solar technology is highly applicable in several key areas due to its flexibility,
lightweight nature, and cost-effectiveness. One of the most significant applications is
Building-Integrated Photovoltaics (BIPV), where thin-film solar cells are integrated into
roofing materials, windows, and facades [20]. This integration enables buildings to
generate solar power without compromising their aesthetic design. Another important
use case is in consumer electronics and wearable devices, where flexible thin-film cells
can be embedded in solar-powered backpacks, smart clothing, and portable solar
chargers, providing a lightweight and efficient solution for off-grid power needs. Electric
vehicles (EVs) also benefit from a direct integration of TFPV technology into the vehicle
[21].

VI. Logistics/expected logistics

Thin-film solar panels are often flexible and lightweight, which makes them highly
suitable for transportation to remote locations. Their foldable nature, with a plastic,
polymer, or ultra-thin metal foils as the substrate allows for compact packaging,
reducing space requirements and making them easier to handle, especially in off-grid
or mobile applications like camps or outposts. However, their robustness during
transport requires careful consideration, as the thinness of the material makes them
susceptible to scratching, tearing, or deformation if not properly packaged. Specialized
protective cases or shock-absorbent materials are necessary to prevent damage during
road, sea, or air transport and due to humidity, pressure changes, and extreme
temperature fluctuations. In remote areas where transport infrastructure is limited,
modules can be transported using drones, all-terrain-vehicles, or helicopters. There also
smaller devices that carried easily by one person alone.

VII. Competing current and future solutions

There are several current and future solutions, each with its own advantages and
disadvantages. Crystalline silicon solar panels, the most widely used technology, offer
higher efficiency compared to thin-film cells, making them the preferred choice for
space-limited installations. However, they are heavier, less flexible, and more expensive
to manufacture. In contrast TFPV solar cells are lightweight, flexible, and cost-effective,
making them ideal for applications like portable energy solutions. However, thin-film
panels generally suffer from lower efficiency (9-23%) and can require more surface area
to generate the same amount of energy. Third-generation PVs, including perovskite and
quantum dot cells, and organic photovoltaic could surpass second-generation thin with
higher efficiency, and greater transparency and potentially low prices [22]. The local
light and wind conditions determine the performance comparison with wind turbines.

VIII. Deployment and Applications for Emergency Response Organizations

Once deployed, thin-film solar panels can rapidly provide power to emergency shelters,
ensuring that essential services like medical equipment, communication devices, and
lighting are operational. They can be integrated into temporary structures such as tents,
providing a seamless and efficient energy solution in areas lacking grid access. These
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solar panels can also be deployed at additional suitable sites within the camp or the
surrounding emergency zone, such as field hospitals, command centres, or mobile
units, to support various operations. To ensure continuous power, the thin-film systems
must be paired with energy storage solutions, to store excess energy generated during
the day for use at night or during cloudy periods.

IX. Operational Considerations

Installation is simplified, requiring minimal tools and allowing for direct integration of
panels onto various surfaces, such as tents, temporary shelters, or vehicles, without the
need for complex mounting systems. This is possible because flexible TFPV panels are
lightweight, flexible, and can be affixed using adhesives, Velcro, or integrated fabric
layers. For example, in a field camp, thin-film solar sheets can be bonded to the roofs
of emergency shelters using industrial adhesives or secured with built-in fasteners,
enabling a rapid and efficient setup. In areas without traditional infrastructure, portable
mounting frames or adhesive-backed panels provide a quick-deployment alternative,
ensuring reliable power generation with minimal logistical complexity.

While basic training is required for installation and maintenance teams to handle unique
mounting techniques and system integration, the overall training demands are
moderate. Maintenance requirements are relatively low once installed, as thin-film
panels are designed to withstand outdoor conditions and have fewer performance losses
over time. In operational settings, periodic cleaning is necessary in dusty or humid
environments to maintain efficiency.

Their modular design allows for easy integration with existing power systems, including
battery storage and inverters. However, flexible TFPV cells are more prone to damage
during transport due to their lightweight and flexible structure, which can crease, tear,
or degrade without proper handling such as scratches. In contrast, crystalline silicon
panels or rigid TFPVs, while brittle and susceptible to cracking, are encased in
protective glass, making them more durable in fixed installations. In general, TFPV cells
offer better impact resistance and flexibility, but they degrade faster in harsh
environmental conditions compared to the more resilient and long-lasting crystalline
silicon panels.

X. Safety and Security Aspects

When deploying TFPV technology, safety and security considerations are crucial to
mitigate potential risks during both installation and operation. Electrical hazards during
installation, such as accidental shock from live wires or improper grounding, can be
addressed through adequate training for installers and the use of personal protective
equipment. In terms of security, thin-film panels are vulnerable to theft due to their
lighter weight and relatively lower cost, particularly in remote areas. This risk can be
mitigated by integrating security measures such as fencing, surveillance cameras, and
GPS tracking on panels. TFPV- cells can be vulnerable to extreme weather conditions,
such as hailstorms, which may cause physical damage. In cases of anticipated severe
weather, temporarily deinstalling and storing the panels in a secure, sheltered location
until the storm has passed can provide additional protection and extend their
operational lifespan.
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Xl.  Social Acceptance, ethical aspect

No scientific sources specifically examine the social acceptance of TFPV technology.
Therefore, we can only estimate that it will be similar to that of conventional crystalline
silicon PV cells, suggesting generally positive social acceptance, particularly when
compared to wind energy. However, thin-film PV may still encounter localized
resistance, partly due to land-use requirements. Additionally, ethical concerns related
to toxic materials such as cadmium and lead, as well as recycling issues, are driving
research into safer and more sustainable alternatives [23].
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3.1.3.Small-Hydro-Generators

Status: Market available

Energy focus of the Generation

component:

Key words: Water, Small-Hydro, Micro-Hydro, Pico-Hydro, Mini-Hydro, Off-Grid Power,

Hybrid Energy Systems, Turbine Efficiency, Microgrid Integration

Summary

Small-Hydro-Generators provide reliable, off-grid power solutions by harnessing
kinetic and potential energy from flowing water, making them an option for disaster
relief operations and decentralized energy needs. Their modular, scalable, and eco-
friendly design allows for rapid deployment in remote or emergency settings,
ensuring continuous energy supply without dependence on fuel logistics.
Advancements in hybrid energy integration, Al-driven monitoring, and resilient

infrastructure enhance their reliability and adaptability in challenging environments.
Despite site-specific and regulatory challenges, ongoing innovations in portable
hydro units, pumped storage, and microgrid compatibility continue to strengthen
their role in sustainable and resilient power generation. These systems serve as a
key component of humanitarian aid, rural electrification, and climate-resilient
infrastructure worldwide.

I. Definition, Motivation and Purpose

Small-Hydro-Generators are renewable energy systems that harness the kinetic and
potential energy of flowing water to generate electricity. These systems fall under small-
scale hydropower and are categorized based on capacity: systems under 10 kW are
termed Pico-Hydro, serving individual households, remote cabins, or agricultural needs;
systems from 10-100 kW are classified as Micro-Hydro, aimed at small communities,
off-grid installations, or light industrial use; and Mini-Hydro systems, with capacities of
100 kW to 10 MW, are suited for larger communities, commercial operations, or feeding
power into national grids [1,2]. Unlike large-scale hydropower, which often requires
significant infrastructure such as dams and reservoirs, small-hydro systems can operate
without large water storage, minimizing environmental disruption [1,3].

The motivation behind small-hydro systems lies in their ability to support decentralized
power generation. These systems are instrumental in providing energy to remote or off-
grid locations, where conventional infrastructure is challenging to establish. They offer
environmental sustainability, delivering a low-carbon renewable energy solution with a
smaller ecological footprint than large hydropower systems. Furthermore, they
contribute to economic advantages by reducing reliance on fossil fuels and centralized
grids, fostering cost savings and enhancing energy security [3].

Small-scale hydropower systems present an opportunity to integrate climate adaptation
and mitigation measures, including watershed restoration and sustainable community

development, with examples in countries like Nepal and Indonesia showcasing their
transformative potential [3,4].

Il.  Functionality and Technical explanation

Small-Hydro-Generators utilize the kinetic and potential energy of flowing water to generate
electricity efficiently and sustainably. These systems are specifically designed to operate in
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diverse environments, making them particularly valuable for emergency response operations
and remote energy access applications.

Key Operational Principles

The functionality of Small-Hydro-Generators relies on two fundamental factors:

Flow (Q): The volume of water passing through the system, measured in cubic meters
per second (m?3/s), which determines the potential energy available for conversion. Head
(H): The vertical height difference between the water source and the turbine, which
dictates the pressure exerted on the turbine blades [2,5].Water is directed into the
system via intake structures, where it is channeled through penstocks—pipes or
channels that control water flow. The water's energy drives turbines, converting kinetic
energy into rotational mechanical energy. This mechanical energy is then transformed
into electricity via a generator, regulated by control systems to ensure stable voltage
and frequency output.

System Components and Their Functions

7 Intake Structure: Directs water into the system while preventing debris from

entering.

Penstock: Delivers water under pressure to the turbine.

Turbine: Converts water's kinetic energy into mechanical rotation. Common

turbine types include:

Kaplan Turbines: Ideal for low-head applications with large water flow.

Pelton Turbines: Best suited for high-head, low-flow systems [5].

Generator: Transforms mechanical energy into electrical power.

Control Systems: Regulate energy output, ensuring seamless integration with

existing grids or off-grid setups.

1 Energy Storage (Optional): Batteries or pumped storage systems can be

integrated to enhance reliability, particularly for emergency response operations

[3].

System Variants

Small-Hydro-Generators can be classified into two main sub-types:

Run-of-the-River Systems: Operate without significant water storage, utilizing

the natural flow of rivers or streams to generate power continuously.

1 Storage-Based Systems: Incorporate reservoirs or small dams to regulate water
flow, ensuring a steady and reliable energy output, especially beneficial for
disaster relief scenarios where energy demand fluctuates [3].
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Figure 2: Microhydropower Systems [6]
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Ill. Performance Requirements

Small-Hydro-Generators are evaluated based on key performance metrics such as
efficiency, power output, adaptability, and sustainability. These systems are
specifically designed to provide reliable power in off-grid and disaster-stricken areas,
ensuring continued electricity generation where conventional power infrastructure is
unavailable or compromised.

Table 16: Performance Metrics for Small-Hydro Generators

Efficiency up to 90%, depending the river flow conditions
Power Output Range Pico-Hydro (up to 10 kW): Suitable for small households, agricultural
uses, and isolated communities.

Micro-Hydro (10-100 kW): Ideal for small villages, emergency shelters,
and remote healthcare facilities.
o} Mini-Hydro (100 kW-10 MW): Can supply power to large relief
centers, mobile hospitals, and even integrate into microgrids for
disaster recovery operations

Reliability Unlike intermittent renewable sources such as solar and wind, mini-
hydro systems provide a continuous power supply, crucial for
emergency relief and off-grid settings [5].

Environmental operate with minimal ecological disruption, particularly run-of-the-
Sustainability river designs, which do not require large reservoirs or major land
alterations [1].

Site Conditions Minimum Water Flow: Typically requires at least 10-20 liters per second
for effective operation.
Head Requirements: Can function at heads as low as 1 meter for low-
head turbines and up to several hundred meters for high-head systems
[4].
Seasonal Water Flow Variations: Systems should be designed to
account for fluctuations due to rainfall patterns or seasonal changes

[71.

Infrastructure Needs Intake Structures: Require access to a reliable water source and
properly engineered intake points to prevent clogging and damage.
Transmission Infrastructure: Must be designed to distribute generated
electricity efficiently to the target locations, often requiring off-grid
microgrid setups in disaster-prone areas [8].

Installation and Modular and Rapid Deployment: Small-hydro systems are designed for fast
Maintenance assembly in disaster zones, often being operational within days [5].
Low Maintenance Requirements: Routine inspections and simple component
replacements ensure long-term reliability, reducing the need for skilled labor
in remote locations [4].
Remote Monitoring: Many modern systems include loT-based monitoring
solutions that provide real-time data on system performance, enabling
predictive maintenance and quick issue resolution [1].

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The development of Small-Hydro-Generators is continuously evolving, with
advancements focused on efficiency, modular deployment, and integration with hybrid
renewable energy systems. These improvements enhance their applicability in
emergency response operations, providing stable and resilient power solutions for
disaster relief and remote areas.
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Advancements in Turbine Design

Hydrodynamic Efficiency Enhancements: Recent research has led to optimized turbine
geometries that increase power output while reducing wear and maintenance
requirements. Adjustable-blade turbines and crossflow designs are gaining popularity
due to their ability to function efficiently across a range of flow conditions [2].
Fish-Friendly Designs: To mitigate ecological impact, low-impact turbines are being
developed with features such as reduced blade strike risk and fish bypass channels,
improving their suitability for conservation-sensitive environments [4].

Modular and Rapid Deployment Systems

Prefabricated Mini-Hydro Kits: Advances in containerized and modular hydro systems
are allowing for rapid deployment in disaster zones and remote locations. These pre-
assembled units reduce installation time and logistical complexity, making them highly
effective for emergency response operations [3].

Mobile Micro-Hydro Units: Lightweight and transportable hydro systems are being
developed for military, humanitarian, and disaster relief scenarios. These units can be
quickly deployed in temporary shelters or crisis areas where grid infrastructure is
unavailable [7].

Hybrid Renewable Energy Integration

Hydro-Solar Hybrid Systems: The combination of mini-hydro and solar PV is gaining
traction, particularly in regions with seasonal water flow variations. These systems
provide continuous power generation, utilizing hydro during wet seasons and solar
during dry seasons to ensure uninterrupted energy supply [1].

Hydro-Battery Storage Solutions: Integrated pumped storage systems or lithium-ion
battery backups are being developed to stabilize power supply in emergency settings.
This allows for power storage when excess energy is generated, ensuring a stable power
supply during fluctuations in water availability [5].

loT and Smart Monitoring

Remote Monitoring & Predictive Maintenance: Internet of Things (loT)-enabled hydro
systems provide real-time performance monitoring through cloud-based analytics.
These innovations allow remote troubleshooting, reducing downtime and improving
operational efficiency in disaster-prone and remote locations [8].

Al-Powered Flow Regulation: Artificial Intelligence (Al) and machine learning models are
being utilized to optimize water flow management, enhancing efficiency while
minimizing energy loss. These Al-driven systems automatically adjust turbine settings
based on real-time flow conditions [4].

Market Growth and Adoption

Increased Government and NGO Investment: Many governments and humanitarian
organizations are recognizing the role of mini-hydro in disaster resilience and off-grid
electrification. Investment in these technologies has increased, particularly in regions
vulnerable to climate-related disasters [1].

Regulatory Support & Incentives: Policy frameworks are evolving to promote the
adoption of low-impact hydropower, including subsidies and tax incentives for
sustainable hydropower development. Countries with active mini-hydro incentives
include Nepal, Kenya, and Indonesia [3].
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Examples for available solutions:
Suneco Hydro [9], specializing in cost-effective micro-hydro solutions.

Parameters of 30kw Hydro Turbine (Model: XJ38-30SCTF4/6 -Z) [10]
Rated Head: 38-45 (meters)

Rated Flow: 90-120 (I/s)

Output: 30.000 (watt)

Efficiency: 70 %

Pipe Diameter: 250-300 (mm)

Generator (Model: SF30-4/430)

Output: 30.000 (watt)

Voltage: 230 or 110 (V)

Frequency: 50 or 60 (Hz)

Temperature: -25 / +50 (3 )

Weight: 615 (KG)

Price: N/A

Parameters of Turbine of 100 kw hydro generator (Model: XJ50-100SCTF6-2)
[11]

Rated Head: 55 (meters)

Rated Flow: 300 (I/s)

Output: 100.000 (watt)

Efficiency: 78 %

Diameter of penstock: 300-350 (mm)

Generator (Model: 100SCT6-2)

Output: 100.000 (watt)

Voltage: 400 (V)

Frequency: 50 (Hz)

Temperature: -25 / +50 (3 )

Weight: 1000 (KG)

Price: From 55,000.00 $ - 66,000.00 $ /Hydro Kit

PowerSpout [12], known for DIY plug-and-play turbines.

PowerSpout PLT (Pelton turbine) - Hydro Turbine [13]

Rated Head: Static head range: 3 to 160m (10 - 525 feet)
Dynamic head range: 3 to 130 m (10 - 430 feet)

Rated Flow: 8-10 (I/s)

Output: 1.200 (Standard) or 1.600 (HP) (watt)

Efficiency: N/A

Dimensions: 470 x 400 x 430 mm

Generation

Output: 1.200 (Standard) or 1.600 (HP) (watt) (stackable up to 16kW on the same
penstock and power cable)

Voltage: 14/28/40/56/80/170/200/350 - options possible (V)
Frequency: N/A

Temperature: N/A

Weight: 19,5 (KG)

Price: 1.943,95 € (Standard) or 2.295,95 € (HP) (turbine only)

IREM [14], provider of grid integratable or off-grid turbines.
BANKI TURB[ISE TBSO®
Rated Head: 5-50 (meters)

Rated Flow: 20-1500 (I/s)
Output: 3.000 - 250.000 (watt)
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Efficiency: N/A

Weight: N/A

Generati eQqidDTadbQD M

Output: 3.000 - 500.000 (watt)

Voltage: 230 / 400 - 277 / 480 — options possible (V)
Frequency: 50-60 Hz

Temperature: N/A

Weight: N/A

Price: N/A

V. Technical Challenges and Prognosis/Primary Use Cases

Small-Hydro-Generators can play a crucial role in disaster relief operations and off-grid power
generation, yet they face technical, logistical, and regulatory challenges that must be
addressed for wider adoption. However, ongoing technological advancements and hybrid
system integration indicate promising future developments.

Technical Challenges

1 Water Flow Variability: Small-hydro systems depend on consistent water availability.
Seasonal fluctuations, droughts, and climate change impacts can significantly affect
power generation [5]. Implementing adaptive turbine technologies and pumped storage
systems can mitigate these risks.

71 Site-Specific Limitations: Unlike solar or wind power, small-hydro systems require
specific terrain conditions, including a minimum head and flow rate. Areas prone to
sediment buildup or freezing temperatures can cause turbine inefficiencies and
mechanical wear [2].

1 Infrastructure Constraints: Remote and disaster-stricken areas may lack the necessary
infrastructure for system installation, including transmission lines and access roads.
Modular and prefabricated systems are being developed to simplify deployment and
reduce logistical barriers [4].

1 Environmental Impact and Regulatory Barriers: Despite being low-impact, mini-hydro
projects still require environmental assessments to prevent habitat disruption and
ensure compliance with local water usage laws. Innovative turbine designs with fish-
friendly mechanisms and run-of-the-river systems reduce these concerns [1].

1 Maintenance and System Longevity: Remote deployment in emergency settings poses
challenges for routine maintenance and repairs. The adoption of remote monitoring via
loT-based control systems is helping address maintenance concerns while improving
efficiency [7].

The future of Small-Hydro-Generators is promising due to ongoing advancements in turbine
efficiency, hybrid energy solutions, and grid integration.

1 Hybrid Energy Systems: Combining mini-hydro with solar PV and battery storage
enhances energy reliability, allowing for stable power production in fluctuating
hydrological conditions [3].

1 Al-Powered Water Flow Optimization: The integration of Al-driven flow regulation
improves efficiency by dynamically adjusting turbine output based on real-time water
conditions [8].

1 Pumped Storage Integration: Small-hydro systems are increasingly being developed
with pumped storage capabilities, allowing surplus energy to be stored and used during
low-flow periods [5].

71 Portable and Prefabricated Solutions: The push for modular, containerized systems
enables rapid deployment in disaster relief scenarios and remote locations [4].

1 Eco-Friendly Designs: New turbine models prioritize fish-friendly mechanisms and
reduced ecological impact, ensuring compliance with environmental regulations [1].
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Primary Use Cases

Small-Hydro-Generators are critical in providing reliable, clean energy in various operational
settings, especially in emergency response and humanitarian aid efforts. The primary
applications include:

1 Emergency Response
o Mobile hospitals, refugee camps, and field operations require reliable energy
sources to power medical equipment, communication systems, and water
filtration units [4].
o Prefabricated mini-hydro units allow for quick deployment and operation in
emergency settings, ensuring immediate energy access [2].

1 Off-Grid Rural Electrification
o Communities without access to traditional grid infrastructure benefit from
continuous power generation, supporting schools, healthcare facilities, and local
businesses [7].
o Micro-hydro grids serve as sustainable alternatives to diesel-powered
generators, reducing operational costs and carbon emissions [5].

7 Military and Defense Applications
o Mini-hydro systems are increasingly being deployed in remote military outposts
to provide stable, silent, and low-maintenance power sources [3].
o Their low detectability and resilience in extreme conditions make them
preferable over fuel-dependent generators in strategic operations.

1 Hybrid Microgrid Integration
o Mini-hydro systems work in conjunction with solar and wind hybrid grids,
ensuring stable energy output even in fluctuating climatic conditions [1].

Pumped hydro storage further enhances energy security by storing excess energy for
use during low-flow periods [8].

VI. Logistics/expected logistics

The successful deployment of Small-Hydro-Generators in disaster relief operations and
off-grid electrification depends on efficient logistics planning, transportation,
installation, and long-term maintenance. Advancements in modular designs,
prefabricated systems, and real-time monitoring are streamlining these processes to
ensure effective implementation in challenging environments.

Transportation and Deployment

Compact and Modular Designs: Recent innovations in containerized and prefabricated
small-hydro systems allow for rapid deployment in disaster-stricken regions. These units
can be transported using standard shipping containers or light-duty trucks, ensuring
flexibility in remote locations [5].

Lightweight Components: Advances in composite materials and modular assembly
techniques have enabled small-hydro units to be transported in smaller, more
manageable sections, reducing logistical costs and deployment times [4].

Airlift and Emergency Transport: For critical emergency response scenarios, smaller
pico-hydro and micro-hydro units can be airlifted via helicopters or drones to remote
locations where traditional road access is unavailable [1].
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Installation and Site Preparation

Minimal Infrastructure Requirements: Unlike large-scale hydropower, small-hydro
systems require minimal civil engineering work. Most designs can be installed within
days with only basic site preparation, making them ideal for rapid response in
emergencies [7].

Pre-Assembled and Plug-and-Play Systems: Many modern mini-hydro units are
delivered as pre-configured kits, significantly reducing the need for specialized labor.
Quick-connect components and pre-tested turbines ensure a seamless installation
process [2].

Adaptability to Varied Terrains: Small-hydro generators can be deployed in a variety of
locations, including mountainous terrain, flood-affected areas, and riverbanks, with
limited impact on the surrounding environment [3].

Maintenance and Operational Support

Low-Maintenance Designs: Many modern mini-hydro systems incorporate self-cleaning
intake structures, wear-resistant turbines, and automated lubrication systems, reducing
the need for frequent manual servicing [5].

Remote Monitoring and loT Integration: The use of loT-based sensors and cloud
connectivity allows for real-time performance tracking, ensuring that technicians can
predict and prevent failures before they occur [8].

Availability of Spare Parts: Supply chain efficiency is a key factor in disaster zones.
Manufacturers are increasingly localizing production and warehousing essential spare
parts near deployment regions to reduce downtime during maintenance [4].

Scalability for Disaster Relief Operations

Temporary vs. Permanent Installations: Small-hydro systems can be deployed as
temporary emergency power solutions or as permanent energy sources for off-grid
communities recovering from disasters [1].

Scalable Microgrid Integration: These systems can be integrated into larger hybrid
energy grids that combine solar, wind, and battery storage, providing redundant energy
security in high-risk areas [7].

Resilience Against Harsh Conditions: New turbine models are designed to withstand
extreme weather events, ensuring continued operation during floods, heavy storms, and
temperature fluctuations [2].

Challenges in Logistics and Mitigation Strategies

Geographical Barriers: Some remote locations lack proper road networks, making
helicopter or water-based transport solutions necessary. Prefabricated, lightweight
designs are mitigating these access issues [1].

Supply Chain Disruptions: In disaster-prone areas, securing a reliable supply of spare
parts and maintenance tools can be difficult. Localized manufacturing and storage hubs
are being established to reduce dependency on long-distance shipping [5].

Regulatory and Permitting Delays: The installation of mini-hydro systems may require
government approvals and environmental impact assessments, which can delay
deployment. Streamlined permitting processes for emergency scenarios are being
advocated by global relief organizations [8].
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VII. Competing current and future solutions

The role of Small-Hydro-Generators in disaster relief and off-grid energy solutions is
strengthened by their unique advantages. However, they compete with various renewable and
alternative energy technologies, each offering different strengths and weaknesses in
emergency and off-grid applications.

Current Competing Solutions (examples)

a) Solar Photovoltaics (PV)

1 Advantages: Solar PV systems are widely used due to their ease of deployment,
scalability, and decreasing cost. Portable solar panels can be rapidly deployed in
disaster relief scenarios, providing power where needed [3].

1 Disadvantages: Solar energy is weather-dependent, requiring battery storage or backup
generation to provide continuous power, which can be costly in long-term emergency
operations [5].

71 Best Use Case: Ideal for short-term emergency response and mobile power generation
but less reliable for sustained high-energy demand applications compared to mini-
hydro systems.

b) Diesel Generators

1 Advantages: Diesel generators provide immediate and high-capacity power with easy
deployment and fuel availability in many regions [7].

1 Disadvantages: They rely on a constant fuel supply, which can be logistically challenging
in disaster zones. High operational costs and carbon emissions make them
unsustainable for long-term energy solutions [1].

71 Best Use Case: Suitable for temporary emergency relief operations, especially in urban
environments, but not for long-term sustainable power supply.

c¢) Wind Energy Systems

1 Advantages: Mini and micro wind turbines provide decentralized energy production,
making them useful in open areas with consistent wind conditions [8].

1 Disadvantages: Wind power is intermittent and location-dependent. Maintenance
challenges arise due to mechanical wear and high wind variability, making them less
reliable in disaster-prone zones [2].

1 Best Use Case: Complementary to mini-hydro systems in hybrid microgrid setups for
off-grid areas where wind conditions are favorable.

d) Biomass and Waste-to-Energy Systems

1 Advantages: Biomass systems can utilize locally available organic waste, making them
sustainable and carbon-neutral in many regions [4].

1 Disadvantages: The need for consistent fuel supply, preprocessing, and storage
infrastructure limits their rapid deployment in disaster settings.

1 Best Use Case: Works well in agricultural and rural areas where biomass feedstock is
readily available but less effective for immediate emergency response.
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Future Emerging Solutions (examples)

1. Hybrid Renewable Energy Systems (Hydro-Solar-Wind-Battery)

1 Increasingly, mini-hydro systems are being integrated with solar, wind, and battery
storage, ensuring round-the-clock power availability in disaster relief zones [3].

1 Benefits: Combining multiple sources of renewable energy ensures greater reliability
and resilience, overcoming weather dependency issues of solar and wind.

1 Challenges: Hybrid systems require complex integration and advanced control systems
to manage power flow efficiently [1].

2. Hydrogen Fuel Cells for Emergency Power

1 Hydrogen-based power systems are emerging as clean, high-energy-density alternatives
for backup and emergency energy supply.

1 Benefits: Fuel cells provide silent, non-polluting, and long-duration power, particularly
useful for field hospitals and emergency shelters.

1 Challenges: The high cost of hydrogen production and storage remains a major barrier
to widespread adoption [8].

3. Advanced Pumped Storage Hydropower (PSH) Systems

1 Small-hydro generators are being paired with pumped storage to enhance energy
reliability by storing excess energy when demand is low and releasing it when needed.

1 Benefits: This enables stable energy supply, particularly in regions with variable water
flow conditions [2].

1 Challenges: Requires suitable geography and additional infrastructure, making it more
viable for semi-permanent installations rather than immediate disaster response.

VIII. Deployment and Applications for Emergency Response Organizations

Deployment Considerations

1 Site Selection & Feasibility — Identify suitable water sources with sufficient flow and
minimal infrastructure requirements.

1 Rapid Installation — Use prefabricated or modular systems for quick deployment in
remote or disaster-stricken areas.

1 Durability & Maintenance — Ensure robust designs for extended operation with
minimal servicing.

Application in a Basis of Operations and Emergency Shelters

1 Continuous Power Supply — Provides stable energy for essentials electric devices.

Security & Safety: Enables perimeter lighting and surveillance for shelter protection.

IX. Energy Independence — Reduces reliance on fuel-based generators, ensuring
long-term Operational Considerations

Ensuring the effective deployment, integration, and sustainability of Small-Hydro-Generators

in emergency response operations and off-grid energy applications requires careful planning
across training, system adaptability, environmental impact, and operational resilience.

PUBLIC 50



. POWERBASE

Training Requirements

1 Technical Training for Rapid Deployment: Emergency response teams and local
operators must be trained in installation, operation, and maintenance to ensure quick
setup and continuous operation in disaster-affected areas [3].

1 Remote Training Modules: Online and on-site training programs incorporating virtual
simulations and hands-on demonstrations are improving field readiness for
humanitarian missions [5].

1 Capacity Building for Local Communities: Long-term sustainability relies on knowledge
transfer to local technicians, reducing dependence on external expertise [2].

Integration with Existing Systems

1 Microgrid Compatibility: Small-hydro systems must be integrated into hybrid energy
networks, combining solar, wind, and battery storage for enhanced reliability [1].

1 Seamless Grid Connection: Deployments in post-disaster recovery zones often require
synchronization with local utility grids, necessitating smart inverters and adaptive
control mechanisms [4].

1 Autonomous Operation Capabilities: Al-driven monitoring systems ensure automatic
load balancing and predictive maintenance, minimizing downtime in emergency
settings [8].

Adaptability to Diverse Environments

1 Modular and Scalable Design: Prefabricated and lightweight systems allow for quick
customization based on terrain conditions and water flow variability [7].

1 Resilience in Extreme Climates: New turbine materials and corrosion-resistant coatings
enhance durability in harsh environments, including flood-prone and arid regions [5].

1 Portable Units for Remote Deployment: Compact hydro units, transportable by land,
air, or sea, ensure energy access in the most inaccessible locations [3].

Environmental and Social Considerations

1 Eco-Friendly Water Management: Run-of-the-river hydro designs prevent large-scale
environmental disruption, maintaining river ecosystem integrity [2].

1  Community Engagement and Acceptance: Local stakeholders must be involved in site
selection and project planning to ensure long-term success and prevent conflicts over
water resource usage [4].

1 Regulatory Compliance: Permitting processes should be streamlined for disaster
response scenarios, ensuring rapid deployment without unnecessary bureaucratic
delays [1].

Resilience and Disaster Recovery Operations

1 Self-Sustaining Power Generation: Unlike fuel-dependent generators, small-hydro
systems ensure a continuous energy supply without logistical constraints on refuelling
[7].

1 Backup Storage Integration: Battery storage and pumped hydro systems provide
redundant power supply, preventing disruptions during low-flow conditions or
maintenance periods [8].

1 Automated Diagnostics for Rapid Issue Resolution: Smart sensors and loT
connectivity allow for real-time fault detection and remote troubleshooting,
reducing the need for on-site maintenance [3].
resilience.
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X. Safety and Security Aspects

Safety Considerations

1 Flood and Water Management Risks: Poorly managed installations in flood-prone areas
can lead to structural damage and operational failures. Proper site selection, flood
mitigation strategies, and reinforced turbine housing are essential to ensure safety [4].

1 Electrical Safety: Small-hydro systems mostly operate at high voltages, necessitating
protective grounding, circuit breakers, and insulation measures to prevent electrical
hazards during operation and maintenance [2].

1 Operational Hazards: Moving mechanical parts in turbines pose risks of injury to
personnel, requiring protective barriers, emergency shutoff mechanisms, and
automated failure detection systems [5].

Security Challenges in Disaster and Off-Grid Operations

1 Vandalism and Theft: Remote installations may be vulnerable to equipment theft and
unauthorized tampering. Implementing security fencing, surveillance cameras, and
tamper-resistant casings mitigates these risks [7].

1 Cybersecurity Threats: As small-hydro systems increasingly rely on loT-based
monitoring and Al-driven automation, they become susceptible to cyberattacks
targeting grid infrastructure. Secure encryption protocols and multi-factor
authentication must be implemented to protect critical systems [8].

1 Energy Reliability in Conflict Zones: In politically unstable regions, small-hydro
installations must be reinforced to withstand potential sabotage or military conflicts,
ensuring continued power generation for humanitarian operations [1].

Supply Chain Considerations

1 Component Availability and Logistics: Supply chain disruptions can delay maintenance
and repair efforts, particularly in remote areas. Establishing regional supply hubs and
maintaining stockpiles of spare parts reduces downtime and ensures continuity [3].

f Sustainable Sourcing of Materials: The environmental footprint of small-hydro systems
can be reduced by using sustainably sourced metals, recycled composites, and eco-
friendly turbine coatings to align with global sustainability goals [2].

f Standardization of Equipment: Ensuring compatibility with global grid standards and
modular designs simplifies supply chain logistics, allowing for interchangeable parts
and easier repairs in emergency settings [4].

Mitigation Strategies for Safe and Secure Deployment

1 Automated Emergency Shutoff Systems: Real-time monitoring can detect irregular
water flow, overheating, or system malfunctions, automatically shutting down turbines
to prevent accidents [5].

1 Localized Training for Emergency Personnel: Educating first responders and technical
teams on rapid troubleshooting and system recovery protocols enhances safety and
reliability [7].

1 Resilient Infrastructure Design: Small-hydro systems deployed in earthquake-prone or
flood-risk areas must feature shock-resistant foundations and reinforced turbine
enclosures to withstand extreme conditions [1].
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Xl.  Social Acceptance, ethical aspect

The social acceptance of Small-Hydro-Generators largely depends on community
involvement, environmental impact, and equitable access to energy. Transparent
stakeholder engagement is crucial to ensuring local communities benefit from these
systems while minimizing displacement or resource conflicts [5]. Ethical considerations
include fair water use, sustainable development, and ensuring energy equity in
underserved regions. Additionally, eco-friendly turbine designs help mitigate ecological
disruption, addressing concerns about fish migration and river ecosystem health [2].
Government incentives, local job creation, and inclusive planning further enhance
acceptance, positioning Mini-Hydro-Generators as a sustainable and community-friendly
energy solution in both emergency and long-term applications [1,8].
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3.1.4.Small wind turbines

Status: Market available / in Research and Development

Energy focus of the Generation

component:

Key words: Small wind turbines, renewable energy, decentralized systems, wind

turbines, microgrid integration

Summary

Small wind turbines (SWTs) are small-scale wind energy solutions designed to
provide decentralized power generation. They cater to a range of applications,
including rural electrification, urban energy supplementation, and emergency power
generation. By exploiting renewable wind energy, they contribute to carbon footprint

reduction, energy independence, and resilience in energy supply. Compared to
larger wind turbines, small wind turbines can be installed in diverse environments,
including urban rooftops, rural areas, and remote locations. Their flexibility,
modularity, and reduced visual impact make them increasingly appealing as part of
the global shift toward renewable energy.

I. Definition, Motivation and Purpose

Small wind turbines (SWTs) are defined as wind energy systems with a capacity of up
to 100 kW, designed for localized energy production. Unlike large-scale wind farms,
SWTs are mainly tailored for off-grid and microgrid applications, delivering renewable
energy in areas where conventional power infrastructure is unavailable or infeasible. The
motivation behind their development stems from the need to increase access to
sustainable energy sources, reduce reliance on fossil fuels, and provide cost-effective
power solutions for remote and underserved communities. Deployable SWT designs,
such as those tailored for defense and emergency response missions, emphasize
lightweight structures, modular assembly, and integration with hybrid systems to meet
the unique demands of rapid deployment scenarios [1,2].

Furthermore, SWTs represent a possible solution for urban environments, offering
opportunities for building-integrated designs to address challenges associated with
variable wind resources and limited installation spaces. Recent reviews have highlighted
their efficiency and flexibility in supporting decarbonization strategies while fostering
decentralized energy systems [2].

Il.  Functionality and Technical explanation

Small wind turbines operate by converting wind energy into electrical energy through
the following components:

1 Rotor Blades: Capture wind energy and drive the generator. The aerodynamic
performance of blades can be optimized using advanced airfoils like SG6043, FX66-S-
196V1, and FX63-137, which are distributed scientifically along the blade radius to
improve performance. These airfoils maximize lift-to-drag ratios (LDRs) and enhance
energy capture even in low Reynolds number environments [3-5]. Recent insights also
emphasize the importance of blade-twist optimization, which minimizes flow separation
and enhances overall efficiency, particularly in turbulent wind conditions [5].
Additionally, material selection for blade durability is critical, as exposure to
environmental stresses can lead to surface corrosion. Protective coatings, such as anti-
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corrosion epoxy layers, are being integrated to ensure longevity under harsh conditions
[6]. Novel blade manufacturing techniques, including additive manufacturing and fiber
composites, further improve structural reliability and reduce production costs [7,8].

1 Generator: Converts mechanical energy into electrical energy. Direct-drive
generators are preferred for their reduced maintenance and higher efficiency.
These generators eliminate the need for gearboxes, thereby simplifying the
mechanical design and improving overall reliability. Advances in electromagnetic
design, including the use of rare-earth magnets, have enhanced energy
conversion efficiency at low rotational speeds. Additionally, portable generators
designed for deployable SWTs can integrate seamlessly into microgrid systems,
enabling hybrid energy generation in remote or emergency applications. Field
tests demonstrate that asynchronous generators in these systems ensure stable
output under variable wind conditions, enhancing reliability during mission-
critical operations [1,7,8].

1 Tower: Supports the turbine at a height to optimize wind capture. Height is
critical as wind speed and consistency generally increase with altitude. Advanced
tower designs, such as self-rising lattice structures, are being explored to
improve transportability and reduce installation time [7,8].

1 Inverter and Control Systems: Regulate power output and ensure compatibility
with local energy systems. Maximum Power Point Tracking (MPPT) systems are
often used to optimize energy output under variable wind conditions [3].

Different sub-types of SWTs include horizontal-axis wind turbines (HAWTs) for steady
wind conditions and vertical-axis wind turbines (VAWTs), which are better suited for
turbulent urban environments. Innovations such as mixed airfoils and morphing blade
designs enhance aerodynamic performance and energy capture. Materials such as
lightweight composites improve durability and reduce costs, while advanced electronics
enable seamless integration with hybrid renewable systems.

1 HAWTs are the more traditional design, featuring a horizontal rotor axis and
typically higher efficiency in steady wind conditions. They are well-suited for rural
or open areas with consistent wind flows.

1 VAWTSs, on the other hand, have a vertical rotor axis, making them ideal for urban
environments with turbulent or multi-directional wind flows. VAWTs are often
more compact and quieter, which makes them better suited for residential and
urban applications

Ill. Performance Requirements

Small wind turbines offer a range of performance characteristics tailored to specific
environments and applications. Their typical performance and requirements include:

1. Efficiency: High-performing SWTs achieve efficiencies of up to 40 %, with power
coefficients (Cp) typically ranging from 0.2 to 0.45. The use of advanced airfoils
and optimized blade geometries can significantly improve these values [3,5].
Research highlights that the implementation of dynamic blade adjustments in
response to wind shear can further enhance Cp by an additional 12 % [5].

2. Range: Small wind turbines typically range from 50 W to 100 kW, with specific
applications in residential and agricultural settings requiring capacities up to 40
kW. Recent research emphasizes optimizing the design for lower wind speed
regions, ensuring stable output even at wind speeds of 5 m/s through advanced
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aerodynamic profiles like the S2091 airfoil [9]. Segmented blade designs have
demonstrated the potential to reduce manufacturing times and improve
scalability in diverse environments [10].

Different national classifications exist for SWT, mainly distinguishing between
pico, micro and mini turbines mainly focusing the rated power output:

Table 17: Small-scale wind turbines (SWTSs) classification [2]

Category Rated Power P, .4 (KW) Rotor Swept Area A (m?)
Pico wind turbines o
(PWTs) Prateqa < 1 kW A<49m
Micro wind turbines (MCWTs) 1 kW < Pratea <7 kW A < 40m?
Mini wind turbines (MNWTs) 7kW < Plteq <50 kW A <200 m?

3. Durability: SWTs are designed for a lifespan of 15-20 years with minimal
maintenance. Advanced materials such as polylactic acid (PLA) reinforced with
aluminum rods and coated with epoxy resin ensure structural integrity and
resistance to environmental degradation [6,9]. Deployable SWTs incorporate
lightweight, corrosion-resistant materials to withstand harsh environmental
conditions while maintaining portability. Design elements such as modular tower
sections and collapsible blades contribute to both durability and transportability,
enabling rapid redeployment without compromising structural integrity [1].

Requirements and Needs

1 Site Conditions: Consistent wind speeds of 5-10 m/s. Statistical models like Weibull
and Rayleigh distributions are used to analyze wind resources and select optimal
locations. Regions with consistent low wind speeds have benefited from tailored blade
designs that optimize performance at speeds as low as 5 m/s. Deployable systems
must consider localized wind resource data to account for short-term mission
requirements and site-specific topography, as highlighted in recent disaster response
scenarios [1].

71 Installation: Minimal infrastructure requirements enable deployment in remote
locations. Towers with modular designs reduce installation complexity and costs.
Deployable SWTs emphasize quick assembly and disassembly capabilities, often
requiring less than a day for setup and operation in disaster-stricken areas [1].

f Maintenance: Periodic inspections and simple component replacements. Remote
monitoring systems and predictive analytics improve reliability and reduce operational
costs. Advanced designs integrate self-diagnosing components to minimize downtime
during critical missions [1].

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

Market analysis indicates a growing preference for modular and portable wind turbines,
driven by their adaptability to diverse applications.

Additional innovations include:

1 Segmented Blades: Segmenting rotor blades allows for easier transport and assembly,
making SWTs more adaptable for temporary and remote deployments. These designs
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reduce logistical challenges and enable larger blade sizes to be transported in standard
containers [1,2,10].

1 Hybrid Energy Systems: Integration into hybrid systems, including solar and diesel-
powered microgrids, enhances the reliability and applicability of SWTs. Compliance
with standards such as |[EEE 1547-2018 and |IEC 61400 ensures smooth integration
into diverse energy systems [1,2].

1 Lightweight and Durable Materials: Advances in materials such as carbon fiber
composites and aluminum improve turbine portability while maintaining structural
integrity. These materials are particularly beneficial for emergency response and
defense applications [1,2].

1 Innovative Manufacturing Techniques: Automation and additive manufacturing (3D
printing) have been applied to produce lightweight blades and components, enabling
faster customization and testing of new aerodynamic designs. Fabric-based materials
are being explored to significantly reduce weight and enhance flexibility, particularly for
portable applications [7,8].

1 Aerodynamic Innovations: Recent studies focus on optimizing twist angle distribution
(TAD) and implementing morphing blades that adjust their shape based on wind
conditions. This enables turbines to operate efficiently across a broader range of wind
speeds while reducing material stress and increasing energy output [2,7,10].

71 Digital Twin Technology: The adoption of digital twins for wind turbines allows for real-
time performance monitoring and predictive maintenance. This technology reduces
downtime and improves operational efficiency by simulating turbine behavior under
various conditions [1,2].

1 Advanced Control Systems: Systems for maximum power point tracking (MPPT) and
vibration damping are becoming more sophisticated, enabling better adaptation to
dynamic wind conditions and reducing structural fatigue [1,2].

Examples for solution providers:

Aeroleaf™ (Belgium) [11], scalable pico wind turbines:

Table 18: Product details AEROLEAFE 300 [12]

Minimal required wind speed 2,5 m/s (9 km/h)
Maximum wind resistance (continuous) 43 m/s (155 km/h)
Maximum wind resistance (gusts) 50 m/s (180 km/h)
Height 1,05m

Weight 16,5 kg

Minimum distance between 2 Aeroleafs 0,55 m

Required voltage 48 V

Inverter output voltage 230V

Ryse Energy (UK) [13], provider of small & micro wind turbines, and hybrid systems:

Table 19: Product details E-10 HAWT [14]

GENERATOR Maximum Power 20 kW
Rated Power 10 kW (Software Limited)

ROTOR Configuration Horizontal Axis
No. of Blades 3
Blade Material Glass fibre
Blade Length 4.5 m
Rotor Diameter 9.8 m
Swept Area 75.4 m2
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WEIGHTS
TOWERS

DESIGN PARAMETERS
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the European Union

Nominal Rotor Speed
Pitch/Yaw

Cut-In Speed

Rated Wind Speed
Cut-Out Speed
Survival Speed

Nacelle/Rotor
Lattice

Monopole

Tilt-Up

Turbine Design Class
Temperature Range

Lifespan & Servicing

POWERBASE

120 rpm

Downwind active pitch with assisted yaw
2m/s

9m/s

30 m/s

70 m/s

1.000 kg
15-36m

18-27m
18-27m

|EC 61400-2 Class |
-20° to 50°C

20 years, subject to regular maintenance

Uprise Energy (USA) [15], mobile power station (truck carried):

Table 20: Product details Mobile Power Station [16]

GE

ROTOR

WIND

WEIGHTS
HEIGHT

NERATOR Maximum Power
Rated Power
Configuration

No. of Blades

Blade Material

Blade Length

Rotor Diameter
Swept Area

Nominal Rotor Speed

Pitch/Yaw

Rated Wind Speed
Cut-Out Speed
Survival Speed
Total

Total tip height

5.5 kW

4 kW

Horizontal Axis

5

Carbon Fiber

343 m

6.9 m

37,4 m2

159 rpm (variable)

Upwind (Active Yaw Motor)

11.2 m/s
N/A

N/A
3,175 kg
183 m

A more comprehensive review of COTS solutions for SWT has been conducted by Rosato,
Perrotta & Maffei (2024) [2].

V.

Technical Challenges and Prognosis/Primary Use Cases

While small wind turbines offer significant advantages, they face challenges, including:

1 Noise and Vibrations: Addressed through advanced blade designs such as helical

or swept blades, which

reduce aerodynamic noise and structural fatigue.

Experimental studies have shown reductions in mechanical noise with optimized
blade profiles [3]. Ducted designs further mitigate tip vortex shedding and drag
losses, enhancing overall performance and reducing acoustic emissions [17].

1 Environmental Impact: Mitigated by using sustainable materials and designs that
minimize ecological disruption. Innovative blade coatings prevent erosion and
enhance durability under harsh conditions [6].
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1 Grid Integration: Requires robust inverters and control systems. Hybrid systems
integrating solar and wind energy can address intermittency issues and ensure a
steady power supply [3].

The future of SWTs energy generation lies in hybrid systems that combine wind with
solar or battery storage, improving reliability and expanding their applicability in off-
grid and emergency response scenarios [1]. Research into morphing blades, advanced
airfoil designs, and energy storage integration is expected to further enhance
performance and reduce costs. The adoption of cutting-edge manufacturing
technologies, such as rapid prototyping and additive manufacturing, will streamline
production processes, reduce material waste, and support customized solutions tailored
to specific site conditions. These advancements will position SWTs as a cornerstone in
decentralized renewable energy systems.

VI. Logistics/expected logistics

Transportation: Compact and lightweight designs facilitate easy transport. Additive
manufacturing techniques allow components to be produced locally, reducing logistics costs
and lead times. Segmented rotor blades simplify transport and assembly, making SWTs viable
for deployment in challenging terrains or remote areas [1,10]. Standard 20-ft and 40-ft
containers are often used for transport, ensuring compatibility with global shipping
infrastructure. Additionally, container-integrated turbines enable rapid deployment while
maintaining structural integrity under extreme conditions [1].

Installation: Rapid setup times, often within hours for smaller units. Modular designs enable
straightforward assembly and disassembly, making SWTs suitable for temporary or mobile
applications. Systems designed for emergency response can be operational within hours,
providing immediate energy support for critical infrastructure [1].

Maintenance: Low-frequency servicing enhances reliability and reduces costs. Field data
indicates that loT-enabled monitoring systems can significantly improve maintenance
scheduling by predicting component failures before they occur. Advanced blade coatings and
self-cleaning mechanisms reduce maintenance requirements, further extending operational
lifespans [1,10].

VIl. Competing current and future solutions

SWTs compete with solar PV systems and battery storage. However, their ability to
generate power at night and during cloudy weather positions them as complementary
to solar energy solutions. Emerging technologies, such as airborne wind energy systems,
present potential future competition. Additionally, advancements in kinetic energy
storage systems and modular solar-wind hybrid units have demonstrated promise in
addressing intermittency challenges. SWTs maintain a distinct advantage in their
adaptability to low wind speeds and their scalability for diverse energy needs,
positioning them as a vital component in integrated renewable energy solutions.

VIIl. Deployment and Applications for Emergency Response Organizations
SWTs are highly suitable for emergency response scenarios, providing reliable power for

disaster-stricken areas. Modular systems enable rapid deployment, while their ability to
operate independently of the grid ensures energy availability in critical situations.

Key applications are considered by Naughton et al (2022) conclude the following:

7 Portable Systems for Small Teams: Designed for rapid setup, these systems can
provide up to 3 kW of power for charging batteries and small electronic devices. They
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are lightweight, easily packable, and can be assembled within minutes, supporting
critical communication and surveillance operations during disaster relief missions [1].

1 Medium-Scale Systems for Base Operations: Turbines rated between 10 kW and 20
kW are integrated into hybrid microgrids, supporting larger teams of up to 300
personnel. These systems are optimized for deployments lasting weeks to months and
can be transported in standard 20-ft containers. Setup typically requires a few hours,
making them ideal for semi-permanent base of operation [1].

1 Large-Scale Deployments: For operations involving e. g. military battalions or large
contingents (up to 3,000 personnel), deployable turbines with capacities of up to 100
kW are used. These systems are configured for integration with other energy sources,
such as solar PV and diesel generators, ensuring uninterrupted power supply for critical
infrastructure over extended periods [1].

Design considerations prioritize rapid deployment, ease of transport, and compatibility with
hybrid power systems. Advanced materials and modular designs enhance portability and
resilience, enabling efficient deployment in diverse and challenging environments.

IX. Operational Considerations

1 Training Requirements: Deployable SWTs are designed for ease of operation, requiring
minimal training. Standardized setup procedures ensure that non-specialist personnel
can assemble and operate the turbines effectively, comparable to the deployment of
diesel generators [1].

1 Integration: SWTs easily integrate with hybrid power systems, including solar and diesel
generation. Compliance with standards such as IEEE 1547-2018 facilitates seamless
integration into microgrid systems, ensuring compatibility with existing infrastructure
[1].

1 Adaptability: Effective in diverse environments, SWTs are engineered for rapid
deployment in urban, rural, and remote locations. Features such as collapsible towers
and segmented blades enhance adaptability and make them suitable for disaster
response and defense missions [1].

1 Efficiency in Operation: Safety systems include automated shutdown mechanisms
during extreme wind conditions, and optional stealth modes reduce visual and acoustic
signatures, making them ideal for defense applications or operations in sensitive
environments [1].

X. Safety and Security Aspects

Safety features include automatic shutdown mechanisms during extreme wind conditions,
robust designs to withstand environmental stresses, and secure mounting systems to ensure
stability. Advanced control systems incorporate fail-safe protocols that prevent mechanical and
electrical overloads. Secure supply chains for critical components, such as rare-earth magnets
and electronic control units, are essential to maintaining operational integrity. Furthermore,
real-time monitoring and diagnostics enhance the detection of potential failures, enabling swift
interventions to mitigate risks. Wind turbine supply chains face potential disruptions due to
the reliance on rare earth minerals (such as neodymium and dysprosium) for high-performance
magnets in direct-drive generators, with risks stemming from geopolitical tensions, export
restrictions, and limited global refining capacity.

XIl.  Social Acceptance, ethical aspect

SWTs are generally well-received due to their low visual impact and noise levels. Ethical
considerations include ensuring equitable access to energy and promoting sustainable
manufacturing practices. Nevertheless, the production and maintenance of SWTs is
relying on resources, especially rare earths.
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3.1.5. Lithium-ion Batteries
. ]

Status: Market available

Energy focus of the Storage

component:

Key words: Battery, Lithium-ion, LIB(s), NMC, LFP, NCA, LMO
Summary

Lithium-ion batteries offer significant advantages for various energy storage
applications due to their high energy density, efficiency, and rechargeable
capability. Their lightweight and compact design makes them suitable for portable
power solutions, supporting critical systems in off-grid scenarios. Key benefits

include long cycle life, fast charging, and compatibility with other energy-
technologies. However, challenges such as safety risks from thermal instability, high
costs, and specific transportation regulations and the related risk of thermal
runaways. Despite these limitations, lithium-ion batteries remain a relevant energy
storage solution in the context of POWERBASE.

I. Definition, Motivation and Purpose

A lithium-ion battery (LIB) is a electrochemical energy storage systems that functions
through the movement of lithium ions between positive and negative electrodes [1]. LIBs
are electricity storage devices that functions through the movement of lithium ions
between positive and negative electrodes [1]. Unlike disposable alkaline batteries, which
rely on irreversible chemical reactions, LIBs are rechargeable. They function through
the bidirectional movement of lithium ions, allowing energy to be stored and released
repeatedly. Known for their high energy density, lightweight design, and long cycle life,
they are essential for both mobile and stationary applications. These batteries are
already deeply integrated into daily life (you likely have one in your phone or laptop)
and they hold immense potential for further market growth as a key technology in the
emerging global energy transition. Recognizing their transformative impact, the 2019
Nobel Prize in Chemistry was awarded to John B. Goodenough, M. Stanley Whittingham,
and Akira Yoshino for their pioneering research and development of LIBs, which
revolutionized battery technology.

Il.  Functionality and Technical explanation

LIBs utilize a wide variety of material combinations, but they all function based on the
same fundamental principle: the transport and intercalation of lithium ions between the
anode and cathode. A lithium-ion battery pack is composed of multiple cells, with the
number depending on the size and intended application of the battery. For instance, a
mobile phone typically contains a single cell, while laptops generally use three or more
cells. Larger systems, such as electric vehicles, can incorporate up to several thousand
cells or more to achieve the necessary energy capacity and voltage for fast driving and
acceleration. Cell and battery pack design significantly impact performance, efficiency,
and safety [2-4]. Key factors include cell geometry (cylindrical, prismatic, or pouch),
thermal management, and the battery management system (including different
additional hardware components and software), all of which influence battery’s
performance [3].

A single cell consists of two primary components: the electrodes—specifically, the

negative electrode (anode) and the positive electrode (cathode) [5]. Each electrode
features a current collector onto which the active material is applied. Positioned
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between these electrodes is the ion-conducting liquid electrolyte, which facilitates the
electrochemical processes within the cell, along with a separator that ensures
mechanical and electronic isolation between the electrodes that prevent short circuits
while allowing the movement of lithium ions [5]. The typical cell voltages ranges from
2.5V to 4.2V [6]. For most applications, the operating voltage of a single lithium-ion
cell is insufficient. To achieve the required voltage and capacity, multiple lithium-ion
cells are combined into a battery system. Within this system, individual cells are
grouped to form modules, which act as intermediate building blocks between a single
cell and the full battery pack. At each level (cell, module, and pack) connections can be
arranged in series to increase voltage (V) or in parallel to increase capacity (Ah). This
configuration ensures that the battery system delivers the required power (W) and
energy- (Wh) for its intended application, optimizing voltage and storage capacity to
meet performance demands efficiently. LIBs come in several subtypes, primarily
classified based on their cathode materials [7,8].

Lithium Nickel Manganese Cobalt Oxide (NMC)

NMC cathodes are widely used in LIBs, particularly in electric vehicles (EVs) and grid
storage, due to their favourable balance of energy density (325wh/h), power capability,
and cycle life [1,5,7-12] . The composition of NMC cathodes can be adjusted by varying
the ratios of nickel, manganese, and cobalt, leading to different performance
characteristics. Increasing the nickel content enhances energy density but may reduce
thermal stability, while higher manganese content improves thermal stability and safety
[1,5,7-12] . Cobalt contributes to structural stability and electrical conductivity, but it
is expensive and associated with supply chain concerns. Recent developments have
focused on high-nickel NMC variants, such as NMC811 (80% nickel, 109% manganese,
109% cobalt), which offer higher energy densities but require advanced thermal
management due to decreased stability [7].

Lithium Nickel Cobalt Aluminum Oxide (NCA)

NCA cathodes, composed of nickel, cobalt, and aluminium, are known for their high
energy density and are commonly used in applications requiring long cycle life, such as
electric vehicles [1,5,7-12].The high nickel content in NCA cathodes contributes to
higher energy density (210-600 wh/L) but compromises thermal stability, requiring
stringent safety measures and effective battery management systems [12]. Cobalt and
aluminium enhance structural integrity and conductivity. While NCA and NMC share
similarities in performance, NCA typically offers higher energy density but presents
greater challenges in thermal management and safety, making it less common in
stationary energy storage systems [7].

Lithium Iron Phosphate (LFP)

LFP cathodes are recognized for their exceptional thermal stability, chemical stability,
and safety profile. Unlike NMC and NCA, LFP does not undergo exothermic
decomposition, meaning it does not release oxygen under thermal stress, significantly
reducing fire risk and thermal runaway. Although LFP batteries have lower energy
densities (220-250 wh/L) compared to NMC and NCA, they provide longer cycle life and
improved safety, making them ideal for stationary energy storage and low-tier electric
vehicles [1,5,7-12]. LFP batteries also exhibit good thermal stability, reducing
performance degradation at high temperatures vehicles [1,5,7-11]. Additionally, they
can operate in a wide temperature range (-30°C to +60°C), though low-temperature
performance is reduced due to slower lithium-ion diffusion [7].

Lithium Manganese Oxide (LMO)

LMO cathodes, based on lithium manganese oxide offer high thermal stability and
improved safety, making them suitable for power tools, medical devices, and hybrid
vehicles [7]. Unlike NMC and NCA, LMO has a three-dimensional spinel structure, which
allows for fast lithium-ion diffusion, resulting in high power output and rapid charge-
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discharge capability. However, LMO has a lower energy density compared to NMC
(typically around 100-150 Wh/kg for LMO versus 150-250 Wh/kg for NMC) and NCA and
typically tends to experience faster capacity fading over extended cycles [7]. To
overcome these limitations, LMO is often blended with NMC to create LMO-NMC hybrid
cathodes, which balance high power output, improved cycle life, and enhanced energy
density [7]. Therefore, LMO batteries are commonly used in electric bikes, power tools,
medical devices, and some hybrid electric vehicles, where high power and safety are
more important than maximum energy storage.

The anodes, or negative electrodes, in LIBs are primarily composed of carbon-based
materials like graphite—whether synthetic, natural, or amorphous—due to their
stability, affordability, and reliable cycling performance [13]. However, emerging
alternatives such as lithium titanium oxide (LTO) for high-power applications, silicon-
based anodes with high capacity but volume expansion challenges, alloy-type anodes
like tin and aluminium offering greater energy density but structural instability,
conversion-type transition metal compounds with high theoretical capacities but low
conductivity, and lithium metal anodes with the highest capacity yet safety concerns,
are being explored to overcome graphite’s limitations [1,13].

Currently, LIBs primarily rely on liquid organic electrolytes, which consist of lithium
salts dissolved in organic carbonates [14]. However, due to concerns over flammability,
volatility, and thermal instability, alternative electrolytes are being actively explored
[14]. Among these, solid-state electrolytes offer significant safety and stability
advantages, though challenges such as lower ionic conductivity, interface resistance,
and manufacturing complexity remain. Meanwhile, semi-solid-state electrolytes are
emerging as a commercially viable compromise, balancing improved safety with better
electrochemical performance [14].

The separators are predominantly made of single-layer and multilayer polyolefins, such
as polyethylene and polypropylene, valued for their mechanical strength, chemical
stability, and cost-effectiveness [15]. However, to enhance thermal stability, ionic
conductivity, and overall safety, advanced alternatives are being explored, including
ceramic-coated separators for improved heat resistance, fluorinated polymer
membranes for better electrolyte wettability, composite separators incorporating
nanomaterials for enhanced mechanical properties, and multifunctional separators with
active chemical properties designed to regulate ion transport and suppress dendrite
formation [15].

Ill. Performance Requirements

Table 21: Performance Metrics for LIBs

Metrics/Property | Typical for a Cell TypicalValues for a Pack

Power Output (W) Varies by application, typically 50- Typically, 10-100 kW for EVs, up to
500W [16] MW scale for grid storage

Typical  Voltage Normally 3,2-3,7V [16] Varies with series/parallel

Range (V) configuration, typically 300-800V for

EVs

Current Capacity 2.5-6A ( in Cylindrical Cell for EVs: 275-320 A[16]

(A) battery-cell- types 18650, 21700)[16]

Typical Operating Smartphones: hours Depending on the use: e.g., EVs 200-

Time 500 km per charge (hours), Grid

storage: hours to days

Response Time Milliseconds to minutes (depends on Milliseconds to minutes (depends on
(Minutes[12] application, faster in power application, faster in power
applications)[12] applications)
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Maintenance

Expected lifespan

Acquisition Costs
Average 2024 75 €/kWh [17]

Operational Cost

POWERBASE

Low maintenance due to lack of
moving parts, but requires monitoring
for thermal management,
degradation, regular audits and
software updates.

1000-2000 cycles (NMC & NCA),
2000-7000 cycles (LFP) [15,16]

Ca. 10-20 years

90-140 €/kWh in 2020 [16]

Average 2024 111 €/kWh in2024 [17]
€4.50 to €9 per kW per year (for grid

storage system) [18]

Storage Capacity 160-260 Wh/kg, 450-730 Wh/L [16] 90-180 Wh/kg, 250-400 Wh/L
Cells (Wh or 210-325 [16]

Wh/L)

Operating -20-65 °C [12], but with lower -20-65 °C [12], but with lower

Temperature performance performance

IV. Current Technological Development Trends/Development Trends & Market

Analysis

The market for LIBs has seen substantial growth over the past decade, driven primarily
by increasing demand in various sectors, including consumer electronics, EVs, and
renewable energy storage systems [11]. Consequently, the availability of LIBs has
improved, although regional access can vary depending on local manufacturing
capabilities and supply chain logistics. Pricing for LIBs has generally been on a
downward trajectory, mainly due to technological advancements, economies of scale,
and heightened competition among manufacturers [11]. However, fluctuations in the
prices of raw materials, particularly lithium, cobalt, graphite, and nickel, can
significantly affect overall battery costs. The supply chain for LIBs is intricate, involving
multiple stages such as raw material extraction, processing, battery manufacturing, and
distribution. Key materials are primarily sourced from a few specific regions, which adds
complexity to the supply chain. In response to growing demand, production of LIBs has
increased significantly.

Table 22: Global Key Player on the Liion-battery market [19]

Compan Country of origin Technology Focus

CATL China EV batteries & energy storage, leader in LFP
batteries, who now also produces in Hungary
BYD Company China EV batteries & energy storage, pioneer of the

Blade Battery (LFP technology), fully integrated
EV supply chain.

EV & energy storage batteries, focus on NCM
(Nickel Cobalt Manganese) chemistry, strong
global partnerships.

EV & consumer electronics batteries,
specializes in NCA (Nickel Cobalt Aluminium)
chemistry, Tesla’'s key supplier

EV & energy storage batteries, partners with
Panasonic & CATL

LG Energy Solution South Korea

(LG Chem)

Panasonic Corporation Japan

Tesla Inc. United States of

America

With the global demand for LIBs rising, Europe is working to establish a competitive
domestic supply chain to reduce its reliance on Asian manufacturers (China, South
Korea, and Japan). Battery production capacity is expected to grow from 10 GWh in
2020 to announced 0,75by TWh 2030, with European companies like Northvolt, Saft,
VARTA, and Leclanché leading innovation [20,21]. Foreign investments announced to
produce 1TWh by 2030, including CATL’s gigafactory in Germany, CALB in Portugal and
BYD’s European expansion, further shape the market [20,21]. Recent reports have
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highlighted challenges in achieving this goal, particularly concerning larger European
companies like Northvolt, which has struggled to deliver products on time and continues
to import many components from East Asia [22].

Table 23: Main Manufacturers in Europe [20,21]

Company Country of Technology Focus
manufacturing

Northvolt Sweden LIBs for EVs & energy storage; focus on sustainable
battery production.
Continetal AG Germany EV battery systems & supply chain; aligns with
European Battery Alliance.
FIAMM Energy Technology Italy LIBs; Start-Stop technology for CO2 reduction
CATL Hungary Global leader in lithium-ion EV batteries
(Chinese)
Saft France LIBs for EVs, aviation, and energy storage; focus on

high-performance applications.

Table 24 : Examples for solution providers and products

EcoFlow DELTA Pro 3 Portable Ecoflow Link
Powerstation (LFP &human-

portable)

Anker SOLIX F3800 (LFP &human- Anker Solix Link
portable)

BLUETTI AC300 (human-portable) Solarwatt Link
Battery Mobile X (Container LFP) Alfen Link
TPS HV 80 (Container, NMC) TESVOLT Link

Current research trends aimed at improving LIBs focus on several key areas, including
enhanced cathode materials such as high-nickel and cobalt-free chemistries, lithium
manganese iron phosphate (LMFP) batteries as well as alternative anode materials like
silicon and LTO [1,13,23]. There is also significant interest in transitioning from liquid
to solid electrolytes, known as solid-state batteries [1,24]. Researchers are optimizing
without changing the main materials but cell formats and architectures of the batteries
using methods like Cell-to-Pack methods [25].

V. Technical Challenges and Prognosis/Primary Use Cases

Over the past two decades, LIBs have become the dominant technology for mobile
energy storage, powering everything from smartphones to electric vehicles, thanks to
their high energy density and improved cycle life since their commercial introduction by
Sony in the early 1990s. The surge in demand for lightweight power sources in consumer
electronics, combined with advancements in battery technology, has facilitated the
automotive industry's shift towards electric vehicles as a low-emission alternative,
making LIBs essential for electric mobility and grid and home energy storage solutions.
So far, they seem to the most promising and mature solution for short-term energy
storage. However, for long -term storage significant energy losses can be expected due
to chemical reactions within the cells leading to a self-discharge rate, around 1-5% per
month undermining its seasonal grid storage potential [26,27]. There are larger
batteries available to replace diesel generators at remote construction sites, as well as
smaller portable devices primarily designed for camping and outdoors. These smaller
batteries serve as a backup for electric power, providing short-term support or night
time demand when coupled with photovoltaic systems at home.
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VI. Logistics/expected logistics

Transportation must comply with safety regulations due to the flammability and
potential hazards associated with LIBs. Proper packaging and labelling are essential to
meet these regulations, related to packaging requirements, labelling, quantity limits
and transport conditions. Cargo flights face significant safety concerns and regulations,
but transporting lithium batteries is still possible. In contrast, commercial passenger
airliners present more challenges, as they require transport approval from the airline
for batteries rated between 100 Wh and a maximum of 160 Wh, and with a weight limit
ranging from 2 g to a maximum of 8 g in Europe. When it comes to installation, a
thorough site assessment is crucial. This involves identifying suitable locations that
protect the batteries from extreme weather and potential hazards. In comparison to
diesel generators, LIBs require lower ongoing maintenance as they do not need
refuelling.

The concept of battery swapping for EVs involves replacing a depleted battery with a
fully charged one, significantly reducing charging time [28]. Considering this approach,
battery rotation systems could be established in near-grid emergency scenarios,
minimizing the reliance on local energy generation at the camp. Depending on the usage
concept, they can be directly and automatically recharged locally or conveniently
exchanged for fully charged batteries from a nearby energy grid. However, this concept
would require personnel resources for driving to the grid, exchanging the battery and
driving back.

VIl. Competing current and future solutions

In the near future, sodium-ion batteries are promising due to the abundance and lower
cost of sodium, along with similar production processes, potentially enhancing their
sustainability [24]. However, their lower energy densities compared to LIBs implies that
they be heavier and larger relatively to their storage performance [3,24]. Solid-state are
still LIBs, utilizing solid electrolytes, theoretically offering increased energy densities
and enhanced safety by reducing leakage and flammability risks [24]. However, they are
still in development, more expensive, and primarily designed for electric vehicles. For
long-term, large-scale energy storage, redox-flow batteries are a suitable option due to
their scalability; however, their size and weight limit their applicability in smaller, rapid
deployment scenarios. Lithium-sulphur and lithium-air batteries could offer advantages
in energy density concerning weight and cost, making them potentially better options
than lithium-ion batteries[3]. However, these battery types are still in development [24].
Compared with hydrogen (HF), LIBs offer higher efficiency and faster response, making
them ideal for short-term energy storage [26,27]. While HF is better suited for long-
duration storage and seasonal balancing, it has lower efficiency and requires a more
complex energy conversion infrastructure storage [26,27]. Additionally, LIBs are more
customizable, allowing for smaller, lighter, and more portable energy storage solutions.

VIIl. Deployment and Applications for Emergency Response Organizations

LIBs can effectively store excess energy generated during periods of peak production or
low demand from local renewable energy sources, such as wind and solar. This stored
energy can subsequently be utilized during times of low generation or high demand. In
a hybrid energy system, during low demand periods, a diesel generator may operate at
excess capacity, allowing surplus energy to be stored in the battery. Conversely, during
peak energy demands, the batteries can supplement the energy supply to the system
alongside the diesel generator. This configuration has the potential to reduce reliance
on an additional diesel generator, which is a common practice in current energy
systems. Moreover, if a stable electric grid is accessible within proximity to the camp
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and local energy generation is insufficient. Also, a battery rotation concept can be
implemented in a near-grid-scenario as explained in the logistic section [28].

IX. Operational Considerations

Comprehensive training is essential for personnel on the operation, maintenance, and
safety protocols related to battery systems. Additionally, assessing compatibility with
existing power systems and implementing an energy management system can facilitate
seamless integration and optimize energy usage. Also, more detailed knowledge and
understanding of electricity load profile of the local personnel would help to optimise
their use.

LIBs can face issues from dirt, vibrations (such as aftershocks from earthquakes),
humidity, and temperature. Dirt can obstruct cooling systems, leading to overheating
and reduced performance, while vibrations can damage internal components and create
loose connections. High humidity may cause condensation, resulting in corrosion and
short circuits, while extreme temperatures can impair performance—high temperatures
risk overheating and thermal runaway, whereas low temperatures reduce capacity and
efficiency. Proper housing, shock absorption, and environmental controls are crucial for
maintaining battery reliability in challenging conditions. However, these issues are not
so far from the issues related to the direct energy supply from diesel generators.

Compatibility with the camp's electrical requirements and any existing infrastructure
must also be ensured to facilitate seamless integration. A scheduled maintenance plan
should be implemented to monitor battery health, which includes regular checks for
signs of swelling, leaks, or reduced capacity. Additionally, LIBs require specific
temperature ranges for optimal performance, so facilities may need climate control
measures to maintain these conditions. Implementing battery management systems for
real-time monitoring of battery status, charge levels, and health is essential to optimize
usage and prevent failures

X. Safety and Security Aspects

Lithium-ion battery safety concerns primarily involve thermal runaway, overcharging,
material instability, and mechanical stress, all of which can result in fires and explosions
[29]. However, significant advancements over the past decade have improved safety.
These include the implementation of Battery Management Systems, the development of
safer chemistries such as LFP, and the integration of solid-state batteries with non-
flammable electrolytes [29,30]. Additionally, enhanced thermal management systems
and standardized safety testing and training have further reduced risks. Furthermore,
Battery Management System including hardware. Despite these advancements,
challenges persist in achieving universal safety standards and ensuring reliability under
extreme conditions, such as high temperatures, for certain battery types.

Moreover, the global value chain for lithium-ion battery production is predominantly
controlled by the People's Republic of China, encompassing all stages from graphite
and cobalt mining and lithium refinement to component manufacturing and assembly
[31,32]. This dominance could potentially be used as political leverage, indicating the
potential for artificial supply shortages and price control [31,32].
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Xl.  Social Acceptance, ethical aspect

Societal acceptance and ethical considerations primarily focus on resource extraction
practices and the challenges associated with recycling. Cobalt reserves essential for
NMC and NCA batteries are predominantly located in the Democratic Republic Congo
where mining activities are frequently linked to child labour and hazardous working
conditions [33]. Furthermore, lithium carbonate mining in the lithium triangle,
comprising Argentina, Bolivia, and Chile, raises significant concerns regarding the
extensive use of water resources, revenue distribution, and associated small conflicts
[34]. Furthermore, lithium hydroxide (spodumene) mining in developed countries such
as Australia can lead to conflicts with Indigenous communities due to the destruction
of ancient sacred sites [35]. Additionally, when evaluating the entire lifecycle of LIBs,
issues related to waste management and the recyclability of obsolete batteries emerge,
which are addressed in the current research [36].
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3.1.6.Hydrogen Storage

Status: Market available
Energy focus of the Storage
component:
Key words: H2

Summary

Hydrogen storage plays a crucial role in the development of a sustainable hydrogen
economy. Among the various storage methods, compressed hydrogen (CGHF) and
liquid hydrogen (LHF) are two of the most widely used options, each offering distinct
advantages and challenges. Compressed hydrogen relies on high-pressure
containment (typically 350-700 bar) to achieve sufficient energy density, making it
suitable for applications where quick refueling and moderate storage volumes are
required. In contrast, liquid hydrogen storage involves cryogenic cooling to -253°C,

enabling higher volumetric energy density but at the cost of significant energy
consumption for liquefaction and boil-off losses. The benefits of hydrogen storage,
such as high energy density and long-term storage capability, position it as a viable
solution for powering critical infrastructure efficiently. The technology's potential
impact on emergency operations is significant, enabling quick deployment and
integration into decentralized energy systems, ultimately contributing to a greener
and more effective response to crises.

I. Definition, Motivation and Purpose

Stored hydrogen refers to hydrogen gas that has been captured and maintained in a
controlled form for later use as an energy carrier. It can be stored using different
technologies: compressed gas storage (CGHF) in high-pressure tanks (200-950 bar),
liquid hydrogen storage (LHF) at cryogenic temperatures (-253°C), underground storage
in geological formations such as salt caverns and depleted gas fields, or material-based
storage using chemical hydrides or liquid organic hydrogen carriers (LOHCs). Each
method varies in cost, efficiency, and scalability.

The main advantage of hydrogen storage is its ability to provide high energy density and
long-term storage capability, unlike batteries, which degrade over time. Liquid hydrogen
offers superior volumetric energy density, while compressed gas storage enables rapid
deployment in mobile applications. Underground storage, particularly in salt caverns,
is considered the most cost-effective option for large-scale hydrogen reserves.

For emergency response operations, hydrogen presents a clean and sustainable
alternative to diesel generators, offering a zero-emission energy source for powering
critical infrastructure such as medical units, communication systems, and water
purification in off-grid locations. Compared to conventional fuels, hydrogen can be
produced from renewable sources and integrated into a decentralized energy supply,
making it a resilient and scalable solution for emergency response scenarios [1].

Il.  Functionality and Technical explanation

Hydrogen storage plays a crucial role in the development of a sustainable hydrogen
economy. Among the various storage methods, compressed hydrogen (CHF) and liquid
hydrogen (LHF) are two of the most widely used options, each offering distinct
advantages and challenges. Compressed hydrogen relies on high-pressure containment
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(typically 350-700 bar) to achieve sufficient energy density, making it suitable for
applications where quick refuelling and moderate storage volumes are required. In
contrast, liquid hydrogen storage involves cryogenic cooling to -253°C, enabling higher
volumetric energy density but at the cost of significant energy consumption for
liquefaction and boil-off losses.

Compressed hydrogen storage

The Compressed hydrogen storage approach involves compressing hydrogen to high
pressures, typically between 350 and 700 bar, and storing it in specially designed
pressure vessels. These tanks are built from metals, polymers, and carbon fibres,
allowing for high-strength and lightweight storage solutions [2]. Due to its technical
maturity, compressed hydrogen storage plays a crucial role in various sectors, including
transportation, industrial applications, and renewable energy integration [3,4]

One of the primary advantages of compressed hydrogen storage is its rapid deployment
and accessibility. Hydrogen can be quickly filled and extracted from storage tanks,
making it suitable for dynamic energy applications such as fuel cell vehicles and backup
power systems. Hydrogen's high calorific value, low weight, and high gravimetric energy
density (33 kWh/kg) also makes it an efficient energy carrier compared to other
renewable energy fuels, offering significant potential for decarbonization in multiple
industries [4].

Despite these advantages, compressed hydrogen storage presents several challenges.
One of the main issues is the high energy requirement for compression, which results
in energy losses of approximately 13 to 18 percent of hydrogen’s total energy content.
This affects overall efficiency and makes compression an energy-intensive process [4].
Such enormous pressures require consideration of questions regarding material choice,
component dimensioning, and safety. Hydrogen tends to adsorb and dissociate at
material surfaces; the atomic hydrogen then diffuses into the material and causes
embrittlement and diffusion [2].The structural weakening of metals and composite
materials due to hydrogen diffusion requires ongoing research into improved coatings
and material treatments to enhance durability and safety [4]. Additionally, even at high
pressures, hydrogen’s volumetric energy density remains lower than that of liquid
hydrogen, requiring large storage volumes and limiting its suitability for space-
constrained applications [4]. The cost of producing high-pressure storage tanks,
particularly those made from advanced composite materials such as carbon fiber-
reinforced polymers, also remains a significant barrier to widespread adoption [4].

To overcome these challenges, ongoing research focuses on developing advanced tank
materials that offer improved strength-to-weight ratios and resistance to hydrogen
embrittlement [3]. Innovations in storage design aim to optimize pressure management
and enhance system efficiency while reducing costs. As the global demand for hydrogen
continues to grow, investments in advanced materials, optimized storage solutions, and
infrastructure development will be essential to ensuring the long-term viability of
compressed hydrogen as a key component of a sustainable energy system.

Figure 3: Hydrogen Tube Trailer [12]
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Liquid hydrogen storage

Another approach to preserve hydrogen is liquefaction. This approach involves cooling
hydrogen to cryogenic temperatures of -253°C, at which it transitions into a liquid state.
Among large-scale green hydrogen storage systems, liquid hydrogen (LH2) is considered
the most promising in terms of several advantages, such as large gravimetric energy
density (2.7 times larger than gasoline) and low volumetric densities (3.7 times lower
than gasoline) [3]. Liquid hydrogen is typically stored in double-walled, vacuum-
insulated cryogenic tanks designed to minimize heat transfer and reduce evaporation
losses [5]. Due to its high energy density and compatibility with large-scale storage and
transportation, liquid hydrogen plays a crucial role in aerospace, heavy transport, and
large-scale energy storage applications [3-5]

One of the primary advantages of liquid hydrogen storage is its higher volumetric energy
density compared to compressed hydrogen, allowing for more compact storage
solutions [5]. This makes it particularly useful in long-distance transportation and high-
energy-demand applications such as aviation, space exploration, and maritime fuel
systems [5].

Despite these advantages, liquid hydrogen storage presents several challenges. One of
the most significant issues is the high energy consumption required for liquefaction,
which can account for one third of hydrogen’s total energy content [6]. This energy-
intensive process significantly affects the overall efficiency of liquid hydrogen as an
energy carrier. Another major challenge is boil-off losses, where a fraction of the stored
hydrogen continuously evaporates due to unavoidable heat transfer. Even with advanced
insulation techniques, hydrogen losses are common, particularly in mobile storage
applications (the target boil-off loss target of the US Department of Energy after 30 days
is 109%) [4] . These losses pose a critical issue for long-term storage and transportation,
requiring continuous venting or re-liquefaction to maintain system efficiency [3].

Another critical concern is the infrastructure required for liquid hydrogen storage and
transport. Cryogenic storage tanks must be carefully designed with multi-layer
insulation and high vacuum barriers to minimize thermal losses. Additionally,
specialized fuelling stations and transportation systems are needed to handle the
extreme cold temperatures of liquid hydrogen, making infrastructure deployment costly
and complex. The material challenges associated with cryogenic storage are also
significant, as thermal stress and hydrogen embrittlement can affect the durability of
storage tanks, requiring advanced materials and coatings [3,4].

To address these challenges, ongoing research focuses on improving liquefaction
efficiency, developing advanced insulation materials, and designing hybrid storage
solutions that integrate liquid hydrogen with other storage methods to reduce losses
and optimize energy use [3].
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Applications of Liquid hydrogen (LH,)

. Goal: Local H; supply
saad Benefits: high volumetric energy density of LH,  high purity of H, from LH,
Status:  Existing, e.g. in semiconductor industry, H, fueling stations (gH, and LH,)
o Goal: supply of large-scale gH, grids, peak shaving
G- (ot Benefits: volumetric energy density of LH,, highly dynamic feed-in, no further processing
I Status:  not realized on grid-scale
Goal: CO,-free aviation fuel
Benefits: high gravimetric and volumetric energy density of LH,
Status: Research and Development ongoing
Goal: CO, free fuel of large and heavy vehicles on non-electrified tracks
Benefits: high volumetric energy density of LH,, use of LH,-cold for cooling
Status:  Research and Development ongoing / pre-series truck presented

Figure 4: Applications of Liquid hydrogen (LH2) (Flagship project TransHyDe) [7]

Table 25: Overview of different hydrogen storage methods [8].
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Pressure
(barg)

Volumetric
Energy
Density
(MJ/L)

Gravimetric
Energy

Density
%)

(wt

Iiiiiiillllllll

Compressed 293 (K) 700 Current industry
(approximately standard
20°C)
Liquid 7.5 6.4 20 (K) 0 Boil-off constitutes
-253.15°C major disadvantage
Cold/cryo 5.4 4.0 40-80 (K) 300 Boil-off constitutes
compressed -233.15°C to - major disadvantage
193.15°C
ll. Performance Requirements

Table 26: Performance values for Compressedand Liquid Hydrogen

m Compressed Hydrogen (CH2) Liquid Hydrogen (LH2)

Storage 300-700 0

Pressure

Volumetric 4.9 mega joule per liter 6.4 mega joule per liter
Energy Density

Volumetric

without tank

Storage Lower (but reinforced for - High (due to cryogenic insulation)
combined Tank pressure)
Weight 2,500 to 4,000 kg for mobile

Refueling Time

Durability in
Harsh
Conditions

Ease of
Transport &
Deployment

Safety
Concerns

PUBLIC

trailer system (see chapter VI)
Fast (<10 minutes)

More robust in
conditions

varying

Easier to integrate into mobile
units

High-pressure
explosion risk

hazards,

Fast (<5 minutes)
Sensitive to temperature fluctuations

Requires specialized tankers and insulation

Cryogenic hazards, leak risks
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Table 27: Pressure vessel/Tank materials according their type for compressed hydrogen [8]

| All-metal construction 300

[ Mostly metal, composite overwrap inthe hoop 200
direction

[ Metal liner, full composite overwrap 700

v All-composite construction 700

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

Compressed Hydrogen

The global compressed hydrogen energy storage market was valued at USD 15.4 billion
in 2024 and is projected to grow at a Compound Annual Growth Rate of 8.49, from 2025
to 2034, driven by increasing demand for clean and sustainable energy solutions.
Compressed hydrogen is widely adopted in stationary and mobile applications, including
fuel cell vehicles, grid balancing, and backup power. Regulatory support and financial
incentives in Europe, North America, and Asia-Pacific are accelerating market expansion

[9].

Technological advancements in hydrogen compression and storage are playing a crucial
role in market growth. Higher-efficiency compressors are reducing energy costs, while
compact and safer designs expand potential applications. Innovations such as advanced
composite materials for pressure vessels and improved storage tank designs are
enhancing efficiency and safety [9].

Air Liquide is a leading player in the industry, leveraging its strong production
capabilities, technological advancements, and strategic partnerships. The company's
focus on innovation has led to cutting-edge hydrogen storage solutions, addressing the
rising demand for efficient and sustainable power systems [9].

The major concerns related to hydrogen storage materials are the large amount of
energy needed for the compression; the stress on the containers' materials caused by
repeated cycling from low to high pressures; and the high weights and additional costs
to design such vessels. Other issues such as hydrogen permeation and embrittlement
should be considered as well. Thus, the containers used to store hydrogen must be
made of robust materials and must withstand high pressures without a loss of
containment [2].

Some of the key market players operating across the compressed hydrogen energy
storage industry are [9]:

1 Air Liquide — France
M Air Products — USA
1 Cockerill Jingli Hydrogen — China (Joint Venture with John Cockerill, Belgium)
1 Engie — France
1 FuelCell Energy — USA
1 GKN Hydrogen — United Kingdom
1 Gravitricity — United Kingdom
1 Hydrogen in Motion — Canada
T ITM Power — United Kingdom
1 Linde — Germany (Headquartered in Ireland after merger with Praxair)
1 McPhy Energy — France
1 Nel - Norway
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Liquid Hydrogen

For decades, liquid hydrogen (LH2) has been used as fuel in space travel and as a source
of high-purity process gas in industry. The high storage density of LH2 is not only
relevant for the established niche of space applications but also serves as a key
motivation for current development projects aiming to replace fossil fuels in everyday
mobile applications. In aviation, rail transport, and commercial vehicles, only liquid
hydrogen currently enables sufficient range. In the maritime sector, in addition to LH»,
other liquid hydrogen derivatives such as methanol and ammonia are also conceivable,
although they would not be strictly "zero-emission." When fuel cells are used, the
extremely high purity (99.99999% or higher) of the gas extracted from the liquid phase
is an additional advantage, especially in terms of their longevity [10].

The global liquid hydrogen market is projected to reach USD 65.18 billion by 2030,
growing at a Compound Annual Growth Rate (CAGR) of 7.38% from 2022 to 2030. The
governmental initiatives to reduce carbon emissions are key factors driving market
growth. Additionally, the increasing adoption of electric vehicles (EVs) is expected to
further boost demand [11].

The most common application of liquid hydrogen is as a concentrated form of hydrogen
storage. Current key applications of liquid hydrogen include: fuel for Internal
Combustion Engines (ICEs) and Fuel Cells, rocket propellant in aerospace applications,
neutron cooling in scientific research and heavy mobility (trucking, shipping, aviation)
where hydrogen's transportability is advantageous. The demand for liquid hydrogen is
also driven by its use in the chemical and petrochemical industries [11].

Asia-Pacific region is expected to dominate the market until 2030 with a 419 share due
to strong demand from emerging economies like China, India, Japan, South Korea, and
Australia. The growing number of hydrogen refuelling stations, China leads with 250,
followed by Japan with 161, demonstrates the region's commitment to hydrogen
adoption. North America and Europe continue to expand hydrogen applications,
particularly in the transportation and industrial sectors [11,12].

Major companies driving the liquid hydrogen market include [11,12]:
Engie S.A. — France
Air Liquide S.A. — France
Air Products Inc. — USA
Linde plc — Ireland (legal headquarters), main office in the UK
Cummins Inc. — USA
SHOWA DENKO K.K. - Japan
Iwatani Corporation — Japan
Universal Industrial Gases, Inc. — USA
Ballard Power Systems Inc. — Canada
Siemens Energy — Germany
Wuxi Yuantong Gas Co., Ltd. - China
First Element Fuel, Inc. — USA
Elme Messer Gaas AS — Estonia
The Andhra Sugars Limited - India
Yingde Gas Group Co., Ltd. — China
Messer Group GmbH — Germany
TAIYO NIPPON SANSO CORPORATION - Japan
Kawasaki Heavy Industries, Ltd. — Japan

Nevertheless, it should not be overlooked that there is significant optimization potential
in LH> technology. Currently, the liquefaction process still requires approximately 309,
of the heating value. The cryogenic liquid boils at 20 K, causing a small portion of the
stored capacity to evaporate daily, depending on tank size and configuration.
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Furthermore, the boiling state results in up to 25% of the volume being lost as so-called
flash gas during transfer operations, which must either be separately processed and
recovered or vented and flared.

These challenges are being actively addressed in current research. Key areas of focus
include utilizing the cold energy at various temperature levels, enabling parallel
transmission of electrical energy through superconducting cables, improving tank
insulation by minimizing thermal bridges, and developing efficient transfer pumps. As
a result of these advancements, the efficiency of LH2 logistics will significantly improve,
further widening the gap between LH2 and alternative storage and transport methods
[10].

V. Technical Challenges and Prognosis/Primary Use Cases

Table 28: Examples of European commercial products

[ Company | Country | Produet _______________________________|Ref |

Linde Germany Today, Linde has the largest liquid hydrogen [13]
capacity and distribution system in the world. Linde
operates a high-purity hydrogen storage cavern,
coupled with a pipeline network of approximately
1,000 kilometers. They also operate 200 hydrogen
refueling stations and 80 hydrogen electrolysis
plants worldwide.

Air France The Air Liquide Group has installed a liquefier with a  [14]

Liquide capacity of 30 tonnes per day in North Las Vegas
(Nevada), which supplies hydrogen mobility in
California. TEAL Mobility a joint venture between Air
Liquide and TotalEnergies, aims to develop more
than 100 hydrogen stations over the next decade,
creating the first transnational European network of
this size.

The TransHyDE Mukran project focuses on the development of new spherical high-
pressure hydrogen storage tanks and explores the storage and trimodal transport (truck,
ship, and rail) of gaseous hydrogen to supply consumers without access to an HF
pipeline network. The goal is to achieve an optimal balance between structural integrity,
material efficiency, and cost-effectiveness, enabling efficient transport with a high
payload ratio.

Two innovative spherical storage concepts are being developed:

1 Steel alloy variant
1 Hybrid variant with a steel core and a load-bearing carbon fiber-reinforced plastic
(CFRP) outer shell

The spherical shape is expected to reduce external stresses compared to conventional
cylindrical tanks. Researchers are demonstrating transport via truck, with future
applications also considering shipping and rail transport. The project aims to identify
the most suitable transport method for different use cases [15].

The TransHyDE project AppLHy! takes a holistic approach to the transport, storage, and
application of liquid hydrogen (LH2). This includes demonstrating an efficient LH2 pump
and a low-loss storage system, as well as identifying future demands and potential
applications for liquid hydrogen.
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Furthermore, the project partners examine the interactions associated with the
transport of liquid hydrogen. In this context, they demonstrate and evaluate the
combined transport of liquid hydrogen and electrical energy using high-temperature
superconductors, as well as the reuse of cold energy in existing refrigeration systems
[15].

VI. Logistics/expected logistics

LH, Transport options
::,.- " E LH, Delivery Trailer / Truck
©

/ Status: in operation in Germany
® 0 —

LH, ships [71%12]

. /_':Hz Status: capacity of largest LH, ship: 1250 m?® (~ 90 t) LH,
— designs ongoing for ships up to 160.000m? (~10.000 t)

Large-scale import hubs for LH, are not existing yet.

( LH, ) {—l Railway tank wagon [®!

Status: in operation — but not in Germany

LH,-Pipelines (643
ot Status: in operation only in industrial facilities

Trailer-based LH, supply chain exists, international supply chain needed
Figure 5: LH2 transport option (Fragship Project TransHyDe) [7]

Reul3 et al. [16] examined the costs of road transport for hydrogen and its carriers to
supply a hydrogen refuelling network by 2050. Their findings indicate that while liquid
hydrogen appears to be the most cost-efficient mode, with the integration of the supply
chain costs, compressed gaseous hydrogen is more convenient for minimal source-sink
distances, while liquid hydrogen would be suitable for distances greater than 130 km.
[16]. Unlike conventional fuels like gasoline or diesel, LHF transport capacity on the
road is limited by volume rather than weight [10].

LHF trailers typically have a capacity of 2,500 to 4,000 kg, with the largest models
holding 65-70 m?® of LHF. Working pressures range from 1 bar(a) to 4 bar(a), and in
some cases, up to 12.75 bar(a). Major manufacturers include:

Linde

Chart Industries

Air Products (Gardner Cryogenics)
Schwingenschldogel GmbH

MAN Cryo (Gothenburg, Sweden)

= =4 -8 -8 -

For thermal insulation, these trailers primarily use superinsulation (multi-layer
insulation in a high vacuum), and in some cases, a combination of multi-layer insulation
and liquid nitrogen (LNF) [10].
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VII. Competing current and future solutions

Hydrogen as a chemical energy storage represents a promising technology due to its
high gravimetric energy density. Absorption-based storage of hydrogen in metal
hydrides offers high volumetric energy densities as well as safety advantages [17].

Another promising method is Liquid Organic Hydrogen Carriers (LOHCs), in which
hydrogen is chemically bonded to organic compounds. LOHCs allow storage and
transport under ambient conditions, reducing safety risks and enabling the use of
existing fuel infrastructure. However, the process of releasing hydrogen from LOHCs
(dehydrogenation) requires an additional energy input, making the overall efficiency
dependent on the specific LOHC used (see LOHC technology fact sheet).

Cryo-compressed hydrogen is a super critical cryogenic gas. Liquefaction does not
happen and gaseous hydrogen will be compressed at about. 200-300 bar (approximately
and at temperatures below its critical temperature (around -240°C or 33K). It has proven
promising with respect to storage and safety level. Cryo-compressed storage provides
high storage density (80 g/L, which is about 10 g/L more than cryogenic storage), quick
and efficient refuelling, and high safety level due to the existence of a vacuum enclosure
However, main challenges still would be the availability and cost of infrastructure. [18].

Another emerging alternative is the use of ammonia as a hydrogen carrier. Hydrogen
can be stored in the form of ammonia (NHFf) and later decomposed to release hydrogen
when needed. Ammonia offers a higher energy density than liquid hydrogen and can be
transported using existing infrastructure. However, the decomposition process requires
energy input, and ammonia handling poses safety risks due to its toxicity (see ammonia
technology fact sheet).

VIII. Deployment and Applications for Emergency Response Organizations

Compressed hydrogen (CHF) and liquid hydrogen (LHF) offer promising alternatives to
diesel generators for emergency power supply, field operations, and critical
infrastructure support.

Compressed hydrogen can be stored in high-pressure tanks and used in fuel cells to
provide emission-free electricity for emergency shelters. Its rapid refuelling capability
makes it suitable for Bases of operations and emergency vehicles. However, the high-
pressure storage requirements present logistical challenges, particularly for long-term
deployments.

Liquid hydrogen, with its higher energy density, is better suited for large-scale, long-
duration Emergency response operations, such as powering Emergency Shelters
temporary hospitals. However, it requires advanced cryogenic storage and handling
infrastructure, making it more applicable for well-equipped emergency response teams
with access to specialized equipment.

IX. Operational Considerations

Both compressed and liquid hydrogen require advanced leak detection, proper
ventilation, and specialized personnel training to ensure safe and secure usage in
emergency response operations. Compressed hydrogen (CHF) offers greater flexibility
for mobile applications, such as fuel cell vehicles, portable power units, and field
hospitals, enabling rapid deployment in disaster-stricken areas. In contrast, liquid
hydrogen (LHF) is more efficient for stationary centralized emergency power solutions
and therefore less relevant for POWERBASE.
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Compressed hydrogen storage is particularly advantageous in emergency scenarios with
prolonged “Dunkelflaute”, when renewable energy generation from solar and wind is
severely reduced, especially during winter months. Unlike batteries, which are better
suited for short-term, high-demand power needs, hydrogen enables long-duration
energy storage and can be efficiently converted back into electricity using fuel cells or
hydrogen combustion engines within a Basis of operation or emergency shelter. Also,
hydrogen maintains the advantages of fast charging in comparisons to batteries.
However, effective deployment of hydrogen storage in emergency response scenarios
requires on-site or nearby electrolysis infrastructure for local hydrogen production.
Despite the challenges of infrastructure and cost, hydrogen storage technology could
offer a resilient and scalable energy solution for emergency response organizations.

X. Safety and Security Aspects

Hydrogen is highly diffusive and can escape through faulty seals, mixing with air to form
easily ignitable mixtures within a relatively wide flammability range. However, the
flammable cloud that forms after the release or spillage of LH2 is usually visible to the
naked eye due to the condensation of moisture in the surrounding air. Under typical
conditions, the boundary of this visible white cloud coincides with the lower flammability
limit of 4% hydrogen by volume in the air [10].

Due to its higher density (below 22 Kelvin, hydrogen is heavier than dry, ambient air)
and the condensation of water vapor, hydrogen released from an LH2 reservoir
experiences significantly reduced buoyancy forces. Initially, it spreads along the ground.
However, as it warms up, buoyancy forces gradually take over, causing the visible
flammable cloud to rise. During this process, the hydrogen-air mixture becomes
increasingly diluted until it is no longer flammable and eventually disappears [10].

Hydrogen has the lowest minimum ignition energy (MIE), meaning that virtually any
released hydrogen mixed with air can be ignited with ease. However, in more than 500
experiments conducted by NASA in the 1980s and within the EU-funded PRESLHY
project (2017-2021), no spontaneous ignition was observed [10].

XIl.  Social Acceptance, ethical aspect

Public perception of hydrogen as a safe and viable energy source is influenced by
concerns over storage safety, transportation risks, and explosion hazards, requiring
transparent communication and education. Ethical considerations include the
environmental impact of hydrogen production, as green hydrogen (produced via
renewable energy) is preferable to grey or blue hydrogen, which involve fossil fuels and
carbon emissions. Additionally, ensuring equitable access to hydrogen infrastructure is
essential to prevent energy disparities, particularly in developing regions. The
deployment of hydrogen technology must also consider community engagement and
potential land-use conflicts related to large-scale hydrogen production and storage
facilities. Furthermore, the ethical implications of resource consumption, such as water
use in electrolysis, must be addressed to balance sustainability with local needs.
Government incentives and policies promoting public trust, fair energy transitions, and
safety regulations are key to fostering long-term social acceptance. Ultimately,
hydrogen adoption must align with ethical sustainability principles, ensuring it benefits
society while minimizing environmental and social risks.
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3.1.7.Flow-batteries
. ]

Status: Market available & in Research and Development

Energy focus of the Storage

component:

Key words: Flow batteries, redox chemistry, long-duration storage, large scale storage
Summary

Flow batteries provide a scalable and long-duration energy storage solution, making
them highly relevant for integrating renewable energy sources and supporting
critical infrastructure. Their ability to supply stable power over extended periods
without significant degradation addresses key challenges in energy resilience,
particularly for emergency response operations. With modular and flexible

deployment options, they offer a practical alternative to conventional batteries and
generators, enhancing sustainability while minimizing safety risks. As advancements
continue to improve efficiency and reduce costs, flow batteries are becoming an
increasingly viable option for large-scale and mission-critical energy storage
applications.

I. Definition, Motivation and Purpose

Flow batteries are a class of electrochemical energy storage system that function based
on redox reactions occurring between two liquid electrolyte solutions. The key
distinguishing characteristic from conventional batteries of flow batteries is that the
electrolyte storage is external to the electrochemical cell stack, enabling independent
scaling of energy (electrolyte volume) and power (cell stack size) [2,3]. They are
particularly suited for applications requiring sustained energy output over extended
periods (24+ hours), making them ideal for integrating with intermittent renewable
energy sources such as solar and wind [3,4]. Their ability to store and dispatch energy
over long durations without significant degradation provides a crucial advantage over
lithium-ion technology, which typically suffers from increased degradation in high-cycle
and deep discharge scenarios.

Il.  Functionality and Technical explanation

The operational mechanism and inherent
flexibility of flow batteries resemble those of
a fuel cell, with the key distinction that they
can be recharged. Since the electrochemical
reaction simply reverses between charging
and discharging, while the electrolyte
solution continues to circulate in the same
direction, these batteries exhibit a rapid
response to fluctuations in power demand
[5]. Flow batteries operate using two liquid 4
electrolytes stored in separate tanks, which lon-Selective
are actively circulated  through an s Membiee

electrochemical cell stack where energy
conversion occurs [2-8]. The electrolytes, Figure 6: Structure of a Flow Battery [1]

known as the catholyte and anolyte, contain

active redox species capable of undergoing oxidation and reduction reactions, enabling
the storage and release of electrical energy. Unlike conventional batteries, flow batteries
allow energy capacity to be independently scaled by increasing the size of the electrolyte
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storage tanks while maintaining a fixed power output determined by the size and number
of cells in the stack.

The structure of a flow battery consists of several key components that facilitate ion
transfer and electrochemical conversion. Pumps are used to circulate the electrolyte
solutions between the storage tanks and the cell stack, ensuring a continuous flow for
energy exchange [2-8]. Within the electrochemical cell stack, the electrolyte passes
through porous electrodes, which provide an extensive reaction surface for redox
reactions [2-8]. The electrons generated during oxidation at the anolyte side are
conducted through an external circuit via a current collector, providing electrical power.
The flow of ions is regulated by an ion-selective membrane, which allows specific ion
exchange while preventing cross-contamination between the catholyte and anolyte [2—-
8]. The design of the ion-selective membrane is crucial, as it maintains charge
separation while allowing the passage of protons or other charge carriers to balance the
reaction.

During charging, the reduction-oxidation (redox) reaction moves electrons from the
catholyte to the anolyte, storing energy chemically in the electrolyte solutions [2-8].
When discharging, the process is reversed, with electrons flowing from the anolyte back
to the catholyte, generating electrical power. The efficiency of a flow battery largely
depends on the membrane conductivity, electrode porosity, and electrolyte flow rate,
which influence charge transfer rates and energy conversion efficiency [2-8].

Flow battery sub-types differ mainly in electrolyte composition, energy density, cost,
and scalability. Vanadium Redox Flow Batteries and Zinc-Bromine Flow Batteries are
commercially available (see. Fehler! Verweisquelle konnte nicht gefunden werden.),
with vanadium-based batteries offering long life but low energy density, while zinc-
bromine batteries theoretically have higher density but require maintenance [7].
Hydrogen-Bromine Flow Batteries provide high power but need expensive catalysts,
whereas Iron-Chromium Flow Batteries and Vanadium-Bromine Flow Batteries balance
cost and efficiency [7]. Saltwater Batteries and Seawater Batteries are environmentally
friendly and low-cost but have limited power output and are only conceptional models
with a TRL of 2-3 [9-11]. Organic Redox Flow Batteries are tunable but face stability
issues, while Membraneless Flow Batteries reduce costs at the expense of efficiency.
Metal-Air Flow Batteries have high energy potential but poor cycle life, and Solar Redox
Flow Batteries integrate solar storage but remain in early development [2]. The main
trade-offs involve cost, efficiency, and scalability.

Vanadium flow batteries are considered the gold standard because the single
electroactive element, vanadium, can exist in multiple oxidation states, simplifying the
electrolyte chemistry and reducing the number of components required. This design
inherently prolongs their operational life relative to other chemistries, making them
particularly reliable and durable for large-scale energy storage.

Table 29: Sub-types of relevant Flow-batteries [7]

Type Description Advantages Disadvantages TRL
(estlmated)

Vanadium Uses vanadium  High cycle life, no High cycle life
Redox Flow ions in cross-contamination, (~15,000-20,000
Battery (VRFB) different scalability. cycles), no Cross-
oxidation contamination,
states for both scalability.
electrolytes.
Zinc-Bromine Uses zinc higher energy, Requires periodic full 9
Flow Battery metal relatively low cost, discharge, bromine is
(ZBFB) deposition on volatile and toxic.

the electrode
and bromine
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Hydrogen-
Bromine Flow
Battery (HBFB)

Iron Chromium

Vanadium-
Bromine
Battery

All-lron-Flow
Battery

Organic Redox
Flow Battery
(ORFB)

Membraneless-
Flow

redox
reactions.

Uses hydrogen
gas and
bromine-based
electrolytes.

Uses iron and
chromium and
couples in
acids
electrolytes

Hybrid of VRFB
and ZBFB
using vanadium
and bromine
redox pairs.

Flow Battery
Types and
Characteristics.

Uses iron-
based redox
couples, with
iron plating at
the negative
electrode.

Uses organic
molecules as
redox-active
species in
aqueous or
non-agqueous
solutions

Uses co-
laminar flow or
immiscible
electrolytes
instead of ion-
exchange
membranes

Uses hydrogen gas
and bromine-based
electrolytes.

Low cost due to
abundant martials

Higher energy density
than VRFB more
efficient than ZBFB.

Flow Battery Types
and Characteristics

Low-cost materials,
simple chemistry,
non-toxic.

Low cost, high
tunability, potential
for high energy
density

Lower cost due to
membrane
elimination, reduced
resistance losses

Performance Requirements

POWERBASE

Requires noble metal 7
catalysts, safety

concerns due to

hydrogen flammability.

Chromium is toxic and 7
it has lower energy
density compared
vanadium

Bromine volatility, 6
expensive complexing
agents required to

prevent toxicity.

Flow Battery Types
and Characteristics

Low solubility of iron 4
species, hydrogen
evolution side

reactions.

Stability issues, 4
degradation over long
cycles

Electrolyte mixing, 4
lower energy efficiency
(~40-60%)

Table 30: Performance Metrics: Criteria for evaluating effectiveness

10 kWh - 10 MWh

Power Output
(Wh)

Typical Voltage
Range (V)
Typical

Operating Time

Response Time
(Minutes

Maintenance

Expected
lifespan

PUBLIC

1.2 - 1.5V per cell, System is scalable

Long-term-seasonal energy storage

Milliseconds to minutes (depends on

application,
applications

faster in

power

Low, periodic electrolyte monitoring

12.000-14.000 15 years [12]

10 kWh - 10 MWh

Long-term-seasonal energy storage

Milliseconds to minutes (depends on
application, faster in power
applications)

Low, periodic electrolyte monitoring.

20,000+ cycles (~30 years)
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Acquisition High due to material costs (e.g., Lower costs with cheaper electrolyte
Costs vanadium) materials
USD$ 170 — 580 per kw/h [13] USD$ < 100 (kW h) in the next 10 years
[13]
Operational Low due to long lifespan Even lower with simplified system
Cost designs
Storage 100 Wh/kg [13]
Capacity - Cells
(Wh/kg or
Wh/L)
Operating 5-45 (°C) [12]
Temperature

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The flow battery market is poised for significant growth. This transformation is mainly
driven by the dynamics of raw materials, particularly vanadium, with China producing
about 669% of the global supply [14]. Companies are focusing on diversifying supply
chains and forming strategic partnerships to secure materials. Technological
advancements, like improved redox flow battery designs, are enhancing performance
and reducing costs [15]. The market is also witnessing increased commercial
deployment, especially in large-scale energy storage, as seen in recent major projects
[14]. The rising demand for efficient energy storage solutions, particularly with the
growth of renewable energy [15]. Vanadium flow batteries are expected to become
commercially viable globally in 2030, starting with a small market share, and are
anticipated to gradually expand their presence in storage applications for large
renewable energy projects [16]. Hence, the global flow battery market is experiencing
diverse growth across regions, with North America holding about 8% of the market
share, driven by renewable energy investments and government support [14]; Europe
showcasing a 179% growth rate fueled by aggressive clean energy targets [14]; Asia-
Pacific emerging as the largest market with a projected 219 growth rate, led by China;
and the Rest of the World, particularly the Middle East and Africa, representing an
emerging market with substantial potential for expansion through renewable energy
projects [14].

Table 31: Global Key Player on the Flowbattery market [14]

| Market Leader [ Headguarter . [Focus
RedFlow Ltd Australia zinc-bromine flow batteries
Primus Power Corporation USA zinc-bromine flow batteries
VRB Energy China vanadium redox flow
batteries (VRFBs)
Invinity Energy Systems Plc. UK vanadium redox flow
batteries (VRFBs)
ESS Tech Inc. USA Develops iron flow batteries
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Table 32: Main market actor in Europe [14]

Europe Flow Battery Top | Headquarters and Production
Compan Location

VRB Energy Headquarters: China zinc-bromine flow batteries
Production: China

RedFlow Ltd Headquarters: Australia zinc-bromine flow batteries
Production: Thailand

Invinity Energy Systems PLC Headquarters: UK vanadium redox flow
Production: UK, Canada batteries (VRFBs)

Primus Power Corporation Headquarters: US zinc-bromine flow batteries.
Production: US

ESS Tech Inc. Headquarters: US Develops iron flow batteries

Production: US

Table 33: Examples for or solution providers and products

Energy Warehouse: A fully- ESS Tech Inc. Link
integrated, modular, and

containerized iron flow battery

for long-duration energy

storage.

Invinity Vanadium Flow Invinity Energy Systems PLC ink
Batteries: Modular and

scalable vanadium redox flow

batteries, deployable in

containerized units.

E22’s VCUBE.: E22 Link
50kW-250kmw energy storage

system or

Salgenx Grid Scale 3000 kWh Salgenx Link
MegaWatt Pack Battery

V-Flow M100- vanadium V-Liquid

redox flow batteries,
deployable in containerized
units

FB 333-4 vanadium redox flow Cell-Cube Link
batteries, deployable in

containerized units

Customizable Energy Storage sumitomoelectric Link
with Vanadium Redox Flow

Battery Systems

Ever Flow Storage container SCHMID Group Link
VRFB from 5kwh 250kwh

Volt Storage Iron Salt Battery  Volt Storage Link
Storac small storage unit for Prolux Solutions Link

domestic houses up to 6 kwh

Flow battery research has been pursued globally for several decades, with numerous
studies, pilot projects, and full-scale demonstration systems aiming to optimize
electrolyte chemistry, membrane materials, and overall design for more cost-effective
energy storage. Leading R&D efforts take place at national labs such as the Pacific
Northwest National Laboratory in the United States and the Dalian Institute of Chemical
Physics in China, where large-scale demonstration projects are underway. Academic
institutions like Harvard University and the Fraunhofer Institutes also contribute to
breakthroughs, particularly in organic and vanadium flow battery chemistries, while
private companies including focus on commercializing these systems. Recently, there
has been a modest surge of interest surrounding the development of iron and saltwater
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batteries that could have the positive side-effect of being used as desalination and
graphene generation system [17].

V. Technical Challenges and Prognosis/Primary Use Cases

Although Vanadium Redox flow batteries are the gold standard, they are hindered by
high and volatile vanadium costs, often making up as much as 809% of total system
expenses [18]. Beyond this cost challenge, flow batteries in general require large
electrolyte tanks and complex balance-of-system components, which can complicate
installation and maintenance. Alternative chemistries address the vanadium price issue
but introduce their own hurdles, such as membrane degradation, cross-contamination,
or lower energy density. Addressing these technical challenges, including cost,
footprint, and component longevity, is essential for broader adoption of flow battery
technology.

Flow batteries are primarily used for large-scale, long-duration energy storage
applications such as peak load management, renewable integration, and backup power,
but smaller containerized and residential systems, like Storac, are also emerging on the
market.

VI. Logistics/expected logistics

Their modular structure allows transport in containerized or skid-mounted units,
simplifying shipment and setup even in remote or disaster-stricken areas, though the
size and weight of electrolyte tanks can demand specialized vehicles and handling. So
far there does not exist a mobile flow-battery smaller than a container, limiting transport
options. However, the great advantage to lithium-ion systems, flow batteries that use
water-based electrolytes, such as zinc-bromine or saltwater, can reduce or eliminate the
need for hazmat permits, fire suppression, and complex end-of-life disposal planning
[17]. Their non-flammable electrolytes also offer enhanced safety, making them
particularly suitable for mission-critical environments.

VIl. Competing current and future solutions

Flow batteries offer distinct advantages over hydrogen, lithium-ion, and mechanical
storage options in emergency response scenarios, particularly when missions demand
long-duration or large-scale power. Hydrogen storage can provide substantial energy
density but involves complex infrastructure and safety concerns due to pressurization
and flammability. Lithium-ion batteries excel in compactness and rapid deployment but
can face thermal runaway risks and capacity limits for extended operations. In contrast,
flow batteries’ modular design and non-flammable electrolytes enhance safety, and their
ability to supply steady power over prolonged periods makes them especially suitable
for sizable or long-term shelters, providing a stable and reliable energy source when
needed most. Flow batteries do have additional moving parts, such as pumps, that must
be serviced periodically, which can add to maintenance requirements compared to the
largely solid-state nature of lithium-ion systems. However, while flow batteries might
involve more routine mechanical upkeep, their chemistry typically exhibits longer
lifespans and can be more stable over a wide range of operating conditions, so the
overall maintenance effort may balance out in certain applications.

VIIl. Deployment and Applications for Emergency Response Organizations

In remote Emergency Shelters and Bases of Operations of Emergency Response
Organization with destroyed or non-existent energy infrastructure, flow batteries could
be brought in as fully containerized systems alongside portable renewable generation
like solar PV. Placed near central operations, they can be quickly deployed on level
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ground and integrated into a microgrid setup, allowing essential services, such as
medical facilities and communications, to remain powered.

IX. Operational Considerations

Flow batteries require specific operational considerations, beginning with adequate
training to handle electrolyte management, system diagnostics, and routine
maintenance of pumps and other components. Their modular design can ease
integration with existing microgrids or renewable energy sources, although ensuring
proper interface controls and data communication is crucial for seamless operation.
Installation typically involves securing level ground for the battery’s significant weight,
as well as allocating space for electrolyte tanks and ancillary equipment. Maintenance
includes periodic inspections of the electrolyte, membrane integrity, and pump
functionality, along with regular checks of moving parts such as bearings, seals, and
motors, to ensure consistent flow rates and prevent leaks. Hence, it a bit more effort
than for lithium-ion batteries but less than diesel generators. In extremely cold
environments, insulated or heated enclosures may be necessary to prevent electrolyte
freezing, while high-heat conditions call for adequate cooling systems and ventilation to
maintain performance. With robust enclosure designs, reliable parts availability, and
technical expertise, flow batteries can operate effectively across diverse climates and
maintain lower overall complexity compared to other large-scale energy storage
systems.

X. Safety and Security Aspects

Flow batteries generally offer safety advantages over some conventional energy storage
systems, particularly due to their non-flammable, water-based electrolytes, which
reduce the risk of thermal runaway. The toxicity of these electrolytes, however, varies
by chemistry: vanadium-based flow batteries rely on sulfuric acid solutions containing
vanadium ions, which can be corrosive if mishandled, while bromine-based solutions
also pose potential health and environmental risks. Iron-salt flow batteries typically use
less corrosive electrolytes, though they still require robust containment and careful
handling to mitigate spills. Potential hazards across all flow battery types include
electrolyte leaks, pump malfunctions, and improper disposal at the end of life.
Mitigation strategies involve secondary spill containment, high-quality seals, and
continuous monitoring for leaks or temperature anomalies. Regular training helps
operators respond promptly to emerging issues, and secure enclosure designs protect
against unauthorized access or tampering, critical factors in remote or high-threat
environments.

XIl.  Social Acceptance, ethical aspect

When deploying mobile flow batteries for emergency response operations, social
acceptance often hinges on transparent communication about the technology’s safety,
environmental impact, and tangible community benefits. By demonstrating reduced
reliance on traditional generators and showcasing the non-flammable, water-based
electrolyte systems, emergency organizations can underscore how these batteries pose
lower risks of accidents or environmental harm. Ethical considerations focus on
ensuring fair access to the resulting power, preventing disproportionate impacts on
vulnerable communities near deployment sites, and responsibly managing end-of-life
disposal to avoid pollution. Involving local stakeholders in planning and decision-making
processes, while providing accessible information on operation and maintenance, helps
build trust and support for mobile flow battery solutions.
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3.1.8.Fuel Cell for Hydrogen

Status: Market available / in Research and Development
Energy focus of the Energy Conversion
component:
Key words: H2
Summary

Hydrogen fuel cells are a clean energy technology if they convert hydrogen into
electricity with zero harmful emissions. Fuel cells have various applications,
including stationary power generation, transportation and backup power systems.
The Proton Exchange Membrane Fuel Cell (PEMFC) is the leading technology due to
its efficiency and suitability for diverse sectors. Despite challenges such as high

manufacturing costs and reliance on precious metals, ongoing advancements are
paving the way for broader adoption and reduced costs. Ultimately, hydrogen fuel
cells offer significant potential for emergency response operations offering portable,
reliable power for critical operations like medical facilities, emergency shelters, and
communication networks.

I. Definition, Motivation and Purpose

A hydrogen fuel cell is a clean energy technology that converts chemical energy from
hydrogen into electrical energy through an electrochemical reaction. Unlike combustion
engines, fuel cells produce electricity without burning fuel, resulting in zero harmful
emissions—only water and heat are by-products.

Fuel cell technologies allow several applications in stationary power production, such
as primary power, grid stabilization, backup power and combined-heat-and-power
configurations (CHP) [1].

The main sectors, where stationary fuel cells have been employed, are (a) micro-CHP,
(b) large stationary applications, (c) Uninterruptible Power Supply (UPS) and
Interruptible Power Supply (IPS). The fuel cell size for stationary applications is strongly
related to the power needed from the load. Since these sectors range from simple back-
up systems to large facilities, the stationary fuel cell market includes few kW and less
(micro-generation) to larger sizes of some MW [1].

Several prototypes, experimental projects and proof-of-concept are executed and
validated. Within, these projects applied to stationary applications, different
configurations and end-user-applications have been tested, namely as “back-up power
supplies, power generation for remote locations, stand-alone power stations for one or
more consumers, distributed generation for buildings and cogeneration” [1].

Il.  Functionality and Technical explanation

Hydrogen fuel cells are composed of an anode, a cathode, and an electrolyte membrane.
Hydrogen is supplied to the anode, where it splits into protons and electrons. The
protons pass through the electrolyte, while the electrons travel through an external
circuit, generating electricity. At the cathode, the protons and electrons recombine with
oxygen to form water.
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This technology offers several advantages, including high efficiency, scalability, and
versatility. Hydrogen fuel cells are used in a variety of applications, such as powering
vehicles (e.g., cars, buses, and trains), stationary power generation, and portable
energy systems.

There are a number of fuel cell types available today, differing mainly in the used
electrolyte and depending on their operating temperature and the pH milieu of their
electrodes. Fuel cells working below ca. 250 °C are classified as low temperature fuel
cells. Fuel cells operating at temperatures above ca. 500 °C are classified as high
temperature fuel cells.

Table 34: Description of Fuel Cell Subtypes

Short Full Name Description
Name

PEMFC Proton At the anode, hydrogen gas is split into protons and electrons by a
Exchange catalyst (H2 A 2 H* + 2e’), with the electrons flowing through an
Membrane external circuit to produce electricity. The protons pass through the
Fuel Cell proton-conducting membrane to the cathode, where they recombine

with electrons and oxygen to form water (1/2 O2 + 2 H* +2 e A H20).
PEMFCs operate at low temperatures (60-80 °C), making them ideal
for applications requiring quick start-up and high-power density, such
as vehicles and portable power systems.
SOFC Solid Oxide A Solid Oxide Fuel Cell (SOFC) generates electricity by oxidizing
Fuel Cell hydrogen or other fuels at high temperatures (600-1000 °C). It uses a
solid ceramic electrolyte that allows oxygen ions to flow from the
cathode to the anode. At the anode, the fuel reacts with oxygen ions to
produce water and electrons (H2 + 02 A H20 + 2e’). The electrons
travel through an external circuit to generate electricity, while the
oxygen ions are replenished at the cathode from oxygen gas (O2 + 4e-
A 2 0?%). SOFCs are highly efficient and suitable for stationary power
generation, utilizing both the electricity and the high-temperature heat
they produce.
AFC Alkaline Fuel An Alkaline Fuel Cell (AFC) generates electricity by reacting hydrogen
Cell and oxygen in an alkaline electrolyte, typically potassium hydroxide.
The oxygen reacts at the cathode to produce hydroxide ions (1/2 O2 +
H20 + 2e- A 2 OH"). The ion travels through the electrolyte to react with

12.CC BY-SA, by CFA213FCE,
https://en.wikipedia.org/wiki/Membrane_electrode_assembly#/media/File:Membrane_Electrode_As
sembly_-_Electro-Chemical_Reaction_Diagram.jpg)
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hydrogen at the cathode to produce water (H2 + 2 OH- A 2 H20 + 2 e).
A main disadvantage of the AFC is its sensitivity towards airborne CO2.
It was used for space applications because of the availability of pure
oxygen and its high conversion efficiency.
PAFC Phosphoric A Phosphoric Acid Fuel Cell (PAFC) generates electricity using
Acid Fuel Cell  phosphoric acid as the electrolyte. At the anode, hydrogen molecules
are split into protons and electrons (H2 A 2 H* + 2e°). The protons pass
through the phosphoric acid electrolyte to the cathode, while the
electrons flow through an external circuit to produce electricity. At the
cathode, oxygen reacts with the protons and electrons to form water
and heat as by-products (1/2 02 + 2 H* +2 e- A H20). PAFCs operate
at medium temperatures (150-200 °C), making them robust and well-
suited for stationary power generation and combined heat and power
(CHP) applications. They are known for their durability and ability to
tolerate impurities in the fuel.

MCFC Molten Molten Carbonate Fuel Cell (MCFC) generates electricity by oxidizing
Carbonate hydrogen or other fuels at high temperatures (600-700 °C) using a
Fuel Cell molten carbonate salt as the electrolyte. At the anode, hydrogen reacts

with carbonate ions (COf*@ from the electrolyte to produce water,
carbon dioxide, and electrons (H2 + CO3% A H20 + CO2 + 2e’). The
electrons flow through an external circuit to generate electricity, while
the carbon dioxide produced is transported back to the cathode. At the
cathode, oxygen and carbon dioxide react with the electrons to
regenerate carbonate ions, completing the cycle (1/2 02 + CO2 + 2e" A
Co3?). MCFCs are highly efficient and suitable for large-scale stationary
power generation, often in combination with heat recovery, but they
require high operating temperatures for optimal performance.

Each type of fuel cell has specific advantages and application areas depending on
operating temperature, the electrolyte used, and the reaction mechanisms involved.

Table 35: Performance comparison of Subtypes of fuel cells

Fuel cell type PEMFC PAFC MCFC SOFC

Reaction 50-100°C 90-100°C 150-200°C 600-700°C 700-1000°C

temperature

Power 1-100 kW 10-100 kW 50 kW — 300 kW - 1 kW - 2MW

1MW 3IMW

Efficiency® 45-60% 60% 409 >409, 60%

Applications Emergency Space, Distributed Distributed Auxiliary
power supply, military power power power
portable power generation generation supply,
supply, distributed
distributed power
power generation
generation,

transportation,
special vehicles

Advantage High power Low cost, Long Wide fuel All solid
density, low fast start-up, lifespan adaptability, state, non-
temperature, reliable high corrosive,
quick start, performance utilization high value of
reliable rate of waste  waste heat
operation heat utilization

Disadvantage High catalyst Short Long start- Electrolytes High cost,
cost: catalysts lifespan, up time: were strict
are prone to catalysts are  low waste corrosive, material
poisoning prone to heat short selection,

poisoning recovery lifespan; long high
rate start-up operating
temperature

* Efficiency in fuel cells refers to the ratio of usable electrical energy output to the chemical energy input
from the fuel, typically expressed as a percentage.
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Ill. Performance Requirements

Table 36: Overall Performance range of Fuel Cells for Hydrogen

(2]

Power 1 kW-3MW
Efficiency* 40-60%
Size Portable devices to multi-megawatt industrial system

* Efficiency in fuel cells refers to the ratio of usable electrical energy output to the chemical energy input
from the fuel, typically expressed as a percentage.

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The global fuel cell market size was valued at USD 7.32 billion in 2024 and is projected
to reach from an estimated value of USD 8.89 billion in 2025 to USD 34.54 billion by
2033 [3].

The Proton Exchange Membrane Fuel Cell (PEMFC) dominates the market because it
requires pure hydrogen, oxygen, and water, allowing it to operate at around 80°C. This
low operating temperature enables quick starts and minimizes component wear,
enhancing system durability. Its lightweight and compact design makes it highly
applicable across transportation, industrial, residential, marine, and aerospace sectors

[3].

PEMFCs are also widely used in military vehicles, unmanned aerial vehicles (UAVs),
and data centers. For instance, Honeywell Aerospace's air-cooled PEMFC is ideal for
aerospace applications, providing superior thermal management and lighter weight,
contributing to its broad market presence [3].

] 4i‘4 I I I I I I I I I |

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
B PEMFC ®DMFC ®mSOFC mPAFC &AFC m MCFC
Figure 8: Expected Fuel Cell Market Size, by product, 2022-2032 (USD Million) [4]

Hydrogen being a carrier of energy, hydrogen fuel cells can be applied in a variety of
use cases. Typical applications of fuel cell can be categorized into three major types:
transportation, stationary power and other application such as portable power [5]. While
the stationary market currently dominates, the transportation market is forecast to grow
continuously until 2030 and reach over 50 percent [6].

Stationary fuel cells dominated the global market in terms of revenue, accounting for
a market share of more than 69.0% in 2023, owing to the increasing demand for fuel
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cells from distributed generation facilities and backup power applications. Furthermore,
fuel cells are increasingly utilized in combined heat & power applications. Versatile
factors and high efficiency enable the stationary segment to maintain a leading position

[71.

Transportation is expected to be the fastest-growing segment due to the rising demand
for fuel cell-powered vehicles and increasing research and development activities in
mature economies of Europe. Portable fuel cells have applications such as personal
electronics, portable products, laptops, mobile phones, APUs, and consumer products.
Furthermore, the market is expected to grow owing to increased R&D activities in
developed and developing countries to produce hydrogen-powered hybrid vehicles [7]

Countries such as Japan, South Korea, and Germany are leading this shift, implementing
ambitious hydrogen strategies and developing infrastructure to support fuel cell-
powered transportation. This includes applications in buses, trucks, trains, and
maritime vessels. Fuel cell (FC) technology is also gaining traction in the aerospace and
maritime sectors, presenting a cleaner, more efficient alternative to conventional fuels

[3].

Table 37: Major applications & examples of hydrogen fuel cell usage [5]

Transportation Passenger vehicles, trucks, forklifts, buses, logistic vehicles, aviation,
marine, e-bikes

Stationary power Combined heat and power (CHP), uninterruptible power systems (UPS),
distributed power generation

Other applications Portable power, unmanned aerial vehicles (UAV)

Asia Pacific held a significant revenue share of more than 65% in 2023 and is expected
to grow at the fastest CAGR over the forecast period. The growth of the fuel cell market
in the Asia Pacific region has been boosted by strategies and policies that encourage
fuel cell systems for transportation applications in China, India, South Korea, and
Japan. Japan is the primary market in the region for fuel cells, followed by South Korea.
Owing to the significant demand for combined heat and power systems in Japan and
other countries in this region, the market for fuel cells is expected to show a robust
growth rate [7].

North America accounted for a significant market share in 2023. This is owing to the
supportive legislation present in the North American region that aims to reduce carbon
emissions, as well as the availability of financing for fuel cell R&D initiatives [7].

Europe is experiencing substantial growth in the global market, fuelled by increasing
adoption across transportation, industrial, and commercial sectors. The region's
capacity has surged from 9.9 MW in 2014 to 190 MW by 2021, indicating significant
potential for future expansion. Notably, as of 2023, there are 370 fuel cell (FC) buses
operational across Europe, with plans to increase this number to 1,200 by 2025 [3].

Germany’s H2Mobility program is supporting the adoption of fuel cell vehicles by
developing fuelling stations, which in turn, opens up opportunities for the deployment
of fuel cells. Moreover, Europe's Hydrogen for Innovative Vehicles (HyFIVE) project aims
to expand its hydrogen fuel cell network, developing stations in Italy, the United
Kingdom, Austria, and Denmark [8].

The high costs related to manufacturing and deployment present a significant challenge
to market growth. This is primarily due to the expensive equipment and installation
processes involved. A major contributor to these costs is the use of precious metals,
such as platinum and ruthenium, which are essential as catalysts in these systems [3].
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Ongoing advancements are focused on improving efficiency, deploying more effective
catalysts, reducing production costs, and enhancing the overall durability of these
systems. These innovations are expanding the application range of fuel cells (FCs),
making them more competitive compared to conventional power sources [3].

These are the key players in fuel cell market [3]:
AISIN CORPORATION

Ballard Power Systems

Bloom Energy

Ceres

Cummins Inc.

FUSION - FUEL

GenCell Ltd.

Horizon Fuel Cell Technologies

KYOCERA Corporation

Mitsubishi Power

Nedstack Fuel Cell Technology

Nuvera Fuel Cells, LLC

Panasonic Holdings Corporation

Plug Power Inc.

Robert Bosch GmbH

SOLIDPower GmbH

Toshiba Energy Systems and Solutions Corporation
Zepp Solutions B.V.

= =8 8 -8_-9_9_9_9_42_-92_2_-2_-24._2_-2._2._-2°._--

PEMFC

The demand for PEMFC is higher owing to various benefits over other types. Benefits,
such as flexibility in input fuel, compact design, lightweight, low cost, and solidity of
electrolyte, will aid market escalation [8].

PEMFC is widely wused in applications such as forklifts, automobiles,
telecommunications, primary systems, and backup power systems. Versatility is a
significant factor that bolsters their demand in the forecast period [8]. Toyota, Hyundai,
and Honda have all launched fuel cell vehicles in the market. One representative example
is the second-generation Toyota Mirai fuel cell stack (2020) [9]-

PEMFCs are known for their high energy conversion efficiency, typically ranging from
409% to 60%. This means they can convert a significant portion of the chemical energy
in their fuel source (usually hydrogen) into electricity. This efficiency is particularly
attractive in various applications where energy efficiency is crucial, such as automotive
and portable power generation [8].

PEMFCs operate at relatively low temperatures compared to other fuel cell types,
typically around 80-100°C. This low operating temperature allows for a more
straightforward thermal management system and reduces the risk of damage to
materials, contributing to their durability and reliability. These factors driving the
growth of PEMFCs segment during forecast period [8].

The cost of stack accounted for 479% of the total cost of the PEMFC system (other parts
are e.g. the hydrogen storage system, the air and hydrogen system and the control
system). The catalyst accounted for the largest proportion of the Membrane Electrode
Assembly (MEA), which was about 51% [2].

The main reason is that the catalytic layer contains precious metal platinum. Platinum

is expensive and platinum has strong adsorption capacity for CO. Although the CO
content in Hz is only 10 ~ 1000 ppm, the platinum catalyst will still preferentially
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combine with CO and occupy the active site of H2. Therefore, PEMFC can only use pure
hydrogen (pure hydrogen one kg is about 13 ~ 16 $ in 2023) but not cheap reforming
hydrogen (reforming hydrogen one kg is about 1.5 $ in 2023). Therefore, the design of
catalytic materials with strong CO tolerance and the reduction of platinum utilization
are the main directions to reduce the cost of PEMFC. Low platinum and platinum-free
catalysts are current technology development directions [2].

Table 38: Examples of relevant products and companies

Cummins Germany Accelera PEMFC 150-300 kW [10]
Nedstack Netherlands PemGen CHP- PEMFC Up to 600 [11]
FCPS, PEM Fuel kw
Cell Stacks
Bosch Germany SOFC-System SOFC 100 kW [12]
Zepp Netherlands Zepp.Y50, PEMFC 150-300kW [13]
Solutions Zepp.X150
PowerUP Estonia UP-400, UP1K, PEMFC 1-20 kW [14]
Energy UP3K, UPSystem,
Technologies UPMObile,
UPSystemMax
SFC Energy Germany EFOY 80, EFOY DMFC, 40 Watt - [15]
(EFOY) 150, EFOY Pro PEMFC 125 Watt

900, EFOY Pro
1800, EFOY Pro

2800
SFC Energy Germany H2Genset PEMFC Up to 28 kW [16]
(H2Genset)
H2SYS France AIRCELL, BOXHY, PEMFC Up to 120 [17]
THYTAN kW

V. Technical Challenges and Prognosis/Primary Use Cases

The challenges of hydrogen fuel cells include high production costs, infrastructure
limitations, energy-intensive green hydrogen production, storage and transport
complexities, and durability concerns, all of which hinder widespread adoption.

Hydrogen fuel cells are primarily used in transportation, stationary power generation,
and portable power applications. In transportation, the power fuel cell vehicles,
including cars, buses, trucks, trains, and even ships, offering long-range, fast refuelling,
and zero emissions. For stationary power generation, hydrogen fuel cells provide
reliable, efficient, and low-emission energy for commercial buildings, industrial
facilities, and backup power systems. They are also integrated into combined heat and
power systems, improving overall energy efficiency. Additionally, in portable
applications, they serve as green power sources for military operations, remote
locations, and backup generators for critical infrastructure. Their versatility, efficiency,
and sustainability make them a key component in the transition to clean energy
solutions

VI. Logistics/expected logistics

Hydrogen fuel cells (HFCs) are utilized in various applications, including portable
generators and stationary power systems, each with specific transportation and
logistical considerations. Portable HFC generators, such as the UP1K by PowerUP
Energy Technologies, weigh approximately 27 kg with dimensions of 70 x 22.2 x 41 cm,
making them suitable for transport in standard vehicles. Larger, stationary HFC
systems, like the Bosch SOFC system, are modular and scalable, designed for
integration into facilities, and typically require transportation via trucks due to their
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size and weight. Products like the HFRGenset by SFC Energy AG are designed as trailer-
mounted units, facilitating easy deployment to various locations. The transportation of
these systems depends on their size and application; smaller units can be handled
manually or with light vehicles, while larger systems necessitate heavy-duty trucks or
specialized transport equipment.

VII. Competing current and future solutions

For both stationary and mobile solutions, the main competing technology are
combustion engine/battery hybrid systems.

VIIl. Deployment and Applications for Emergency Response Organizations

Hydrogen fuel cells can be used in emergency shelters and operational bases for
emergency response organizations due to their reliability, scalability, and off-grid
capabilities. Fuel-Cell systems can also be deployed in mobile command centres and
field hospitals, supplying clean, quiet, and efficient energy for communication systems,
medical equipment, and essential services. Their rapid refuelling, modular design, and
ability to operate in remote or disaster-stricken areas make them a crucial power source
for sustaining emergency response operations. However, they require the continues
supply of green hydrogen as a low-emissions technology.

IX. Operational Considerations

As the production of hydrogen from onsite produced renewable electricity already
comprises significant losses of useable energy due to limited conversion efficiencies, a
high efficiency of the back conversion will be the main performance indicator for the
evaluation of the technology. Further performance indicators will be low noise emissions
and low emissions of pollutants. A further performance indicator will be the energy
density of the combination of fuel cell and fuel in its deployed form and the ease of
handling and transportation of the fuel.

X. Safety and Security Aspects

Mobile hydrogen fuel cells pose safety and security concerns related to thermal
management, operational hazards, and potential risks in dynamic environments. During
operation, fuel cells generate heat, which must be effectively dissipated to prevent
overheating and reduced efficiency. In confined or poorly ventilated spaces, excessive
heat build-up can lead to system malfunctions or fire hazards. Additionally, the
integration of fuel cells in vehicles, emergency shelters, or mobile power units requires
robust shock and vibration resistance to prevent operational failures.The storage,
handling, and transport of mobile hydrogen fuel cells pose risks such as leaks, pressure
hazards, and ignition potential, requiring strict containment, leak detection, and
impact-resistant designs to ensure safety.

XIl.  Social Acceptance, ethical aspect

Hydrogen fuel cells (HFCs) are a clean energy solution with high potential for emergency
response mission due to their zero-emission operation and ability to provide reliable
power in remote or crisis-stricken areas. Their environmental benefits and low noise
make them ideal for temporary shelters, medical facilities, and emergency
communication systems. Public acceptance may be influenced by safety concerns about
hydrogen storage and the high initial costs, which require education and investment in
infrastructure.
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3.1.9.Electrolyzers Hydrogen

Status: Market available / in Research and Development
Energy focus of the Conversion
component:
Key words: H2
Summary

Electrolyzers are devices that utilize electrical energy to split water into hydrogen
and oxygen through electrolysis, playing a crucial role in clean hydrogen production.
They are significant for enhancing energy resilience in emergency response
scenarios by providing on-site hydrogen generation for fuel cells. Proton Exchange
Membrane (PEM) electrolyzers are valued for their high hydrogen purity, compact
design, and rapid response to fluctuating power inputs, although they face
challenges due to high costs and the reliance on scarce precious metals like
platinum. Alkaline electrolyzers are more cost-effective and durable, making them
suitable for large-scale hydrogen production, but they have slower response times
and issues with gas purity. Emerging technologies like Anion Exchange Membrane
(AEM) electrolyzers aim to reduce costs by using non-precious metals, though they
still struggle with membrane durability and efficiency. Solid Oxide Electrolysis Cells
(SOECs) offer high efficiency and can utilize industrial waste heat, but their high
operating temperatures pose material degradation risks and increase system
complexity, making cost reduction and long-term stability critical challenges for
widespread adoption.

I. Definition, Motivation and Purpose

Electrolyzers are devices that utilize electrical energy to split water molecules into
hydrogen and oxygen through a process known as electrolysis. This technology is pivotal
for producing hydrogen.

In emergency response scenarios, maintaining a reliable and resilient energy supply is
crucial. Electrolyzers can play a significant role in enhancing energy resilience during
such events. For instance, the U.S. Army Engineer Research and Development Center's
Construction Engineering Research Laboratory (CERL) is testing new hydrogen
electrolyzer technology to support energy resilience. The goal is to produce hydrogen
as a clean fuel in emergency situations, thereby reducing vulnerabilities during crises

[1].

Moreover, companies like Enapter are developing mobile nanogrids that utilize
retractable solar arrays and green hydrogen. These nanogrids can provide power
utilising solar arrays and green hydrogen within 15 minutes, even in remote areas,
making them invaluable for disaster response operations [2].

By integrating electrolyzer technology into emergency response strategies, it is possible
to generate hydrogen on-site, which can then be used in fuel cells to provide electricity
for critical operations. Their application in emergency response operations enhances
energy resilience, providing a reliable and clean power source during critical times.
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Il.  Functionality and Technical explanation

The primary types of electrolyzers include Proton Exchange Membrane (PEM), Alkaline,
and Anion Exchange Membrane (AEM) systems, each distinguished by their operational
mechanisms and materials.

Proton Exchange Membrane (PEM) Electrolyzers

Proton Exchange Membrane (PEM) electrolyzers use a solid polymer electrolyte to split
water into hydrogen and oxygen through electrolysis. Operating at moderate
temperatures (typically 50-80°C), they are characterized by their compact, lightweight,
and robust designs, making them ideal for decentralized and dynamic energy systems.
A key feature of PEM electrolyzers is their ability to respond rapidly to fluctuating power
inputs, such as those from renewable energy sources like wind and solar, ensuring
seamless integration and energy storage potential. This makes them highly suitable for
applications requiring flexibility, such as emergency response and renewable energy
storage.

However, PEM electrolyzers (

) rely on precious metal catalysts, including platinum and iridium, which drive up their
initial costs and pose challenges related to material scarcity and scalability.
Additionally, their long-term durability is affected by membrane and catalyst
degradation, particularly under high current densities or harsh conditions. Despite these
challenges, their high hydrogen purity, dynamic response capabilities, and adaptability
position them as a key technology in the transition to clean energy solutions. Continued
advancements in materials and system designs are still necessary to overcoming cost
and durability limitations and unlocking their full potential for large-scale adoption [3-
5].

PEM electrolysis
(20-100°C)

Cathode ~ + Anode

ST,

SRese
B

oS

= Hzo
H, <)=

1,0,

Membrane

H,0 —= 2H" + %0, + 2¢" Anode
2H'+26 — H, Cathode

H,0 —= H,+ %0, Total Reaction
Figure 9: PEM electrolysis 13

Alkaline Electrolyzers

Alkaline electrolyzers utilize a liquid alkaline electrolyte, typically potassium hydroxide
(KOH), to facilitate ion conduction between electrodes. This mature technology has been
in use for decades and is known for its durability and lower capital costs. Operating at
temperatures around 60-90°C, alkaline electrolyzers are suitable for large-scale

13 Davidlfritz, CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia
Commons; https://commons.wikimedia.org/wiki/File:PEMelectrolysis.jpg
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hydrogen production. However, they have slower dynamic response times compared to
PEM systems and may face challenges with gas purity and system efficiency [6].
Alkaline electrolyzers benefit from being a mature and well-established technology with
decades of proven reliability in industrial applications. They are more cost-effective
upfront, as they do not rely on expensive precious metal catalysts, and are particularly
suited for large-scale hydrogen production due to their scalability. However, they have
slower dynamic response times, making them less ideal for integration with intermittent
renewable energy sources. Additionally, alkaline systems operate at lower current
densities, which can require larger systems for equivalent hydrogen output, and they
face challenges with gas crossover, which can compromise hydrogen purity [5].

L

Diaphragm

Electrolyte

z

7 N\
Oxygen evolution Hydrogen evolution
reaction catalyst reaction catalyst

Figure 10: Alkaline water electrolyser 14

Anion Exchange Membrane (AEM) Electrolyzers

AEM electrolyzers represent an emerging technology that combines features of both
PEM and alkaline systems. They use a solid anion-conducting membrane to transport
hydroxide ions from the cathode to the anode. One of the key motivations behind AEM
development is the potential to reduce costs by utilizing non-precious metal catalysts,
thereby addressing some of the economic and material limitations associated with PEM
electrolyzers. Despite their promise, AEM electrolyzers are still under research and
development, with ongoing studies focusing on improving membrane durability and
overall system performance [7,8].

14 Kavin Teenakul, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia
Commons, https://commons.wikimedia.org/wiki/File:Alkaline_water_electrolyser.png
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20H - H,0 + %0, + 2e’ 2H,0 + 2e = H, + 20H"

Figure 11: AEM water electrolysis working principle 1°

Solid Oxide Electrolysis Cells

Solid Oxide Electrolysis Cells (SOECs) operate at high temperatures (500-850°C) using
a solid ceramic electrolyte to conduct oxygen ions. This technology efficiently splits
water (HFO) into hydrogen (HF) and oxygen (OF), making it useful for hydrogen
production and synthetic fuel generation. SOECs can achieve electrical efficiencies
above 809%, reducing the energy required for electrolysis. Additionally, they can utilize
excess heat from industrial processes, further enhancing their energy efficiency. SOECs
rely on non-precious materials such as nickel and zirconium, making large-scale
deployment more feasible. Another advantage is that the electrochemical process
results in hydrogen with very low impurity levels. However, the high temperatures pose
challenges, such as thermal degradation, long startup times, and material stability
issues. Mismatches in thermal expansion between different components can lead to
mechanical failures over time. The stability of current SOEC materials remains a
challenge, with degradation rates needing to be reduced for long-term use. Researchers
are actively working on improving the durability and efficiency of SOECs to make them
commercially viable. The cost of materials, manufacturing, and system installation is
currently higher than that of conventional electrolysis methods. Despite these
challenges, SOECs have significant potential for sustainable hydrogen production and
carbon recycling. Future advancements in materials and system design will be crucial
for their widespread adoption [9,10].

Table 39: Comparison of different Electrolyzes models

PEM Electrolyte Alkaline AEM Electrolyte SOEC
Electrolyte

Technology Solid polymer Liquid alkaline AEM electrolytes Solid Oxide
electrolyte; uses a electrolyte utilize solid anion- Electrolysis
proton-conducting (KOH/NaOH); conducting Cells (SOECs)
membrane uses non- membranes, to operate at high

precious metal combine the high temperatures
electrodes like hydrogen purity (600-900°C)

nickel or iron and efficiency of wusingaceramic
PEM systems with electrolyte to
the cost- convert

electricity into

15 Kavin Teenakul, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia
Commons,
https://commons.wikimedia.org/wiki/File:AEM_water_electrolysis_working_principle_with_HER_and
_OER.png.
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Funded by
the European Union

Performance

Advantages

Disadvantages

State of the art

References

Efficient at
moderate

temperatures (50-
80°C); rapid

dynamic response

High hydrogen
purity; compact
design; fast

response to variable
power

High capital costs
due to
platinum/indium
catalysts;
membrane
degradation over
time

Widely used for
renewable  energy
integration and
small to medium

scale applications

[6,11-13]

Operates at 50-

80°C; slower
response
compared to
PEM systems,
suitable for
large-scale
production

Low cost durable

and proven
technology;
suitable for

industrial scale

Slower response
to load changes;
gas crossover
can lower
hydrogen purity;
requires large
system for higher
output

Dominates
industrial
hydrogen
production;
mature and well-
established
technology

[13,14]

effectiveness of
alkaline systems.

emerging
technology with
lower current
densities
compared to PEM
systems; current
research
emphasizes
improving
durability,
efficiency, and
addressing
chemical stability
under alkaline
conditions
Potentially low-
cost materials;
avoids precious
metals; combines
benefits of PEM

and alkaline

Still in
developmental
stage; less mature

the

than PEM or
alkaline systems.
Major  challenges
include ensuring
durability,
scalability for
industrial
applications, and
narrowing the
efficiency gap
compared to PEM
technology
Ongoing research
focuses on
enhancing ion
conductivity,
alkaline stability,
and reducing

production costs.

[15-17]
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hydrogen (or
syngas).
SOECs operate

at high
temperatures
(600-900°C)
achieving
higher
efficiencies
than other
Electrolysis
technologies by
utilizing
thermal energy
(excess heat
from industrial
processes).
SOECs offer
superior
conversion
efficiency, and
the ability to
operate
reversibly as
both an

electrolyzer
and a fuel cell,
enabling
greater
flexibility in
energy storage
and utilization
The high
operating
temperatures
cause material
degradation,

require robust
thermal
management,
and result in
higher initial
investment
costs

compared to
other
electrolysis
technologies.
Industrial-scale
SOEC plants
are emerging,
with increasing
gas production

capacity and
integration into
renewable

energy systems
for large-scale
hydrogen and
fuel synthesis.
[9,10]

The values in the following Fehler! Verweisquelle konnte nicht gefunden werden.
represent the direct current (DC) energy consumption required to produce one kilogram
of hydrogen (HF) using different electrolyzer technologies.
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Table 40: Comparative Energy Consumption of Electrolyzer Technologies

PEM Electrolyte Alkaline AEM Electrolyte SOEC
Electrolyte

Stack (DC) 47-66 [18] 47-66 [18] 51.5- 66 [18] 34 [18]
energy

consumption

(kWh/kg H2)

Ill. Performance requirements

Table 41: Overall Performance Hydrogen Electrolyzers

| Metrics | Performance range

Energy conversion 34 - 66[18]
Efficiency (kWh/kg

HF)

Startup Time seconds

Suitability for Off- Moderate to High

Grid Use

Maintenance Moderate to High

Needs

Size Ranges Small (Portable Units) to Large (Containerized Systems)
Weight ranges 10 kg (Small Units) to Several Tons (Large Systems)
Environmental Operates in 0°C to 50°C (Standard Systems); Some require temperature
Conditions control for extreme environments

Tolerance

Transportability Portable (Small Units), Modular (Mid-Sized), Fixed (Large-Scale)

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

Proton Exchange Membrane (PEM) Electrolyzers

The global PEM water electrolyzer market was valued at USD 7.56 billion in 2024,
increased to USD 8.10 billion in 2025, and is projected to reach USD 15.06 billion by
2034, with a CAGR (Compound Annual Growth Rate) of 7.13% from 2024 to 2034.

Market growth is driven by the rising demand for hydrogen as a clean energy source
across industries such as fuel cells, energy storage, and transportation. PEM
electrolyzers offer high efficiency, low maintenance, and fast response times, making
them suitable for diverse applications. Technological advancements, including improved
catalysts, membranes, and system integration, have further enhanced their performance
and cost-effectiveness, fuelling their adoption.

Challenges to growth include high initial costs, limited infrastructure, and reliance on
renewable energy. PEM electrolyzers, as a relatively new technology, involve specialized
materials and complex engineering, resulting in higher production costs compared to
traditional methods like alkaline and solid oxide electrolysis. These competing
technologies may be more cost-effective for certain applications, potentially limiting
PEM market share.

By application, the market segments include industrial gases, energy storage, FCEV
(fuel cell electric vehicles) fuelling, steel production, electronics, and power plants. The
FCEV fuelling segment dominates, as PEM electrolyzers are key to producing hydrogen
fuel for vehicles, aiding in the transition away from combustion engines and reducing
greenhouse gas emissions.
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Geographically, North America leads the market, driven by technological advancements,
government support, and a strong push for clean energy solutions. Europe follows, with
Germany, the UK, and France as major contributors due to demand for hydrogen in
energy storage, transportation, and industrial applications. The Asia-Pacific region is
expected to have the highest CAGR (Compound Annual Growth Rate), supported by
growing adoption of FCEVs, government initiatives for hydrogen infrastructure, and a
focus on sustainable energy solutions [19].

Examples of PEM Water Electrolyzer Market Companies [19-21]:

AFC Energy (UK)

Air Liquide (France)

Areva H2gen (France)

Cummins Inc. (USA)

Doosan (South Korea)

Elchemtech (South Korea)

Elogen (France)

Erre Due s.p.a. (ltaly)

Giner Inc. (USA)

Horizon Fuel Cell (Singapore)
Hydrogenics (Canada)

ITM Power (UK)

LARSEN & TOUBRO LIMITED (India)
Nel ASA (Norway)

Ostermeier H2ydrogen Solutions GmbH (Germany)
Plug Power (USA)

Siemens Energie (Germany)

Suzhou Jingli (China)

Teledyne Energy Systems (USA)
Toshiba (Japan)

= =8 =8 -8 -8 _9_9_9_40_-9_2_-2_-29._-2_-2_-4_-2_-29._-2_-2

Alkaline Electrolyte Market Analysis

Alkaline electrolyzers utilize a liquid alkaline electrolyte, typically potassium hydroxide
(KOH), and have been in commercial use for several decades. The global market size
for alkaline water electrolysis was estimated at USD 137.24 million in 2023 and is
projected to grow to USD 217.36 million by 2032, with a compound annual growth rate
(CAGR) of 5.02% from 2024 to 2032 [22]. Their cost-effectiveness and durability make
them attractive for large-scale hydrogen production, particularly in industries like
ammonia synthesis, refineries, and steel manufacturing [6,14].

Market growth is driven by the global push towards decarbonization, with governments
investing heavily in hydrogen infrastructure. Europe leads the adoption, supported by
the European Green Deal and hydrogen strategies of countries like Germany and the
Netherlands. Asia-Pacific, notably China, is also rapidly expanding due to government
policies supporting renewable energy. Despite their advantages, alkaline electrolyzers
face challenges in dynamic operations, making them less suitable for applications
requiring rapid load changes, such as integration with renewable energy sources [23].

Key companies in the alkaline electrolyzer market include Nel Hydrogen (Norway),
Thyssenkrupp (Germany), McPhy (France), and Green Hydrogen.dk (Denmark).
Advantages of these companies lie in their established industrial presence, strong R&D
capabilities, and large-scale production capacities. However, challenges include the
need for continuous innovation to improve efficiency and the pressure to reduce costs
to remain competitive in a rapidly evolving market [22].
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Anion Exchange Membrane (AEM) Electrolyte Market Analysis

AEM electrolyzers are an emerging technology combining benefits of both PEM and
alkaline systems. The AEM market is in the early stages of development, with ongoing
research focused on improving membrane durability and system efficiency. The global
AEM electrolyzer market was valued at approximately USD 1.3 billion in 2023 and is
expected to reach USD 13.5 billion by 2030, growing at a CAGR of 97.7% during the
forecast period [24].

The primary advantage of AEM electrolyzers is the potential to reduce costs by using
non-precious metal catalysts, addressing economic constraints of PEM systems. Pilot
projects and demonstrations, particularly in Europe and North America, are crucial in
establishing commercial viability. Companies are investing in R&D to overcome
challenges related to membrane chemical stability and scalability for industrial
applications [8,17]. The future market potential is promising, especially for
decentralized hydrogen production and integration with renewable energy sources.

Key companies in the AEM electrolyzer market include Enapter AG (Germany), Cipher
Neutron (Canada), and Beijing SinoHy Energy Co., Ltd (China). They face challenges
such as scaling production for industrial applications and competing with more
established technologies like PEM and alkaline electrolyzers [25].

Solid Oxide Electrolysis Cells (SOEC) Market Analysis

SOECs operate at high temperatures (500-850°C), offering superior electrical efficiency
compared to other electrolysis technologies. The SOEC electrolyzer market is estimated
to be around USD 517.06 million in 2025 and is anticipated to grow to USD 5,372.42
million by 2030, with a compound annual growth rate (CAGR) of 59.719% during this
period [26]. Europe is a key region, with significant investments in SOEC technology
through projects supported by the European Union. Within the EU, companies like
Sunfire GmbH (Germany), Elcogen AS (Estonia), and Haldor Topsoe (Denmark) are
recognized as leading manufacturers, focusing on improving durability and reducing
costs [26].

Despite high initial costs and material degradation challenges, SOECs are gaining
traction in sectors requiring large-scale hydrogen production and carbon recycling.
Their application in power-to-gas and synthetic fuel production enhances their market
potential, especially as industries seek sustainable energy solutions.

Key companies in the SOEC market benefit from strategic partnerships within the
renewable energy sector. However, they face challenges related to the high costs of
materials and system components, as well as the technical complexities of maintaining
long-term  operational stability in high-temperature environments [9,26].

Table 42: Examples for or solution providers and products

Technology | Description [ Ref. |
Sunfire Germany Sunfire-HyLink SOEC Sunfire's SOEC electrolyzer [27]
GmbH SOEC operates at high temperatures

(around 850°C) to achieve
high  electrical efficiency,
converting steam into
hydrogen with efficiencies
above 80%, resulting in lower
operational costs.

Nel ASA Norway A-Series Alkaline Nel's A-Series electrolyzers [28]
Atmospheric Water offer a hydrogen production
Alkaline Electrolysis capacity of 492 Nm3/h, with
Electrolyzer and and PEM an energy consumption of
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PEM approximately 4.5 kWh/Nm?3

Electrolyser of hydrogen produced. The
PEM electrolyser produces 30
Nm3/h of hydrogen gas at
99.999+9%, purity

Elcogen Estonia ASC-300C, ASC- SOEC Elcogen cells provide efficient [29]

400B solid oxide electrolysis
technology (SOEC), with below
3kWh/Nm3 of specific energy
consumption for hydrogen
production while able to
operate efficiently already at a
temperature of 650-700°C vs.
750-900°C industry average.

TOPSOE Denmark SOEC TOPSOE is constructing the [30]

world’s first industrial-scale
SOEC manufacturing facility
in Denmark. Set to begin
operations in 2025, this 500
MW plant is backed by a EUR
94 million grant from the EU
Innovation Fund.

V. Technical Challenges and Prognosis/Primary Use Cases

Hydrogen electrolyzers face several technical challenges, including high energy
consumption, system durability, and material limitations. Energy efficiency remains a
concern, with current technologies requiring much electricity for splitting clean water
into hydrogen (and oxygen). Additionally, electrolyzer components, such as membranes
and electrodes, degrade over time, affecting performance and requiring periodic
maintenance.

Hydrogen electrolyzers can serve multiple roles across different sectors, including
renewable energy storage, industrial hydrogen production, stationary back-up-systems
and larger emergency response power solutions. In disaster response and relief
operations, portable electrolyzers can provide off-grid hydrogen production for fuel
cells. Industrially, electrolyzers play a key role in green hydrogen production for
ammonia synthesis, steel manufacturing, and transportation fuels. As global energy
policies shift toward decarbonization, hydrogen from electrolysis is set to become a
cornerstone of clean energy ecosystems. However, high production costs and energy
requirements limit its widespread adoption. As a result, hydrogen is primarily utilized
where direct electricity use or battery storage is impractical, such as in heavy industries
like steel manufacturing. Due to its cost and niche applications, green hydrogen is often
referred to as the "champagne of energy", valuable but reserved for cases where
alternatives are less viable.

VI. Logistics/expected logistics

The deployment of electrolyzer technologies in emergency response requires solutions
that are mobile, reliable, and efficient. Each electrolyzer type—PEM, Alkaline, AEM, and
SOEC—offers unique logistics considerations, especially for applications where rapid
deployment and operational flexibility are critical.

Proton Exchange Membrane (PEM) Electrolyzers
PEM electrolyzers are well-suited for mobile applications due to their compact design,
rapid response capabilities, and high-purity hydrogen output. Companies such as Plug

Power Inc. (USA) offer modular PEM electrolyzers that can be integrated into
transportable systems, ideal for disaster response scenarios. Nel Hydrogen (Norway)
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produces containerized PEM electrolyzers designed for easy transport and rapid
deployment. These systems can be deployed quickly and powered by renewable sources,
providing critical energy in off-grid locations [31,32].

Alkaline Electrolyzers

Alkaline electrolyzers are traditionally larger and less flexible. AEL is very mature. It
requires however the deployment and handling of larger amounts of caustic liquids
which in itself poses risks to emergency response operations.

Anion Exchange Membrane (AEM) Electrolyzers

AEM electrolyzers combine the benefits of PEM and alkaline systems, offering cost-
effective solutions with improved flexibility. Enapter S.r.l. (Italy) has developed portable
AEM electrolyzers that are lightweight and designed for quick setup in disaster
scenarios. Their systems are optimized for integration with renewable energy sources,
enhancing sustainability in emergency applications [2].

Solid Oxide Electrolysis Cells (SOEC)

Due to the high operational temperatures of SOEC systems, startup and shutdown
procedures are more complex compared to low-temperature electrolysis technologies
such as AEL and PEM. This technical challenge can limit the suitability of SOECs in
emergency response scenarios where intermittent operations and rapid deployment are
critical. The viability of SOEC technology in such contexts largely depends on the
targeted production profile and the availability of a consistent heat source, as SOECs
achieve higher energy efficiency when integrated with heat recovery systems from
technologies producing heat above 100°C [15]. However, due to their high efficiency,
SOECs are well-suited for centralized production of high-purity hydrogen, which can
then be transported to disaster-affected areas to supply critical infrastructure with
hydrogen fuel.

VII. Competing current and future solutions

Besides electrolysis, hydrogen can also be produced chemically through reforming or
pyrolysis of hydrocarbons, including waste materials. These methods are mature and
widely used in industrial applications but often result in the formation of gaseous side
products, posing environmental and safety challenges in emergency scenarios [33,34].

In the U.S., research is also being conducted on scaling up the classic laboratory
method of hydrogen generation via metal hydrolysis. This approach involves the reaction
of metals like aluminum with water, producing hydrogen gas. However, it requires
handling large quantities of reactive chemicals, such as ignitable aluminium powder and
acids, which can complicate logistics and safety during disaster response [35].

VIIl. Deployment and Applications for Emergency Response Organizations

Electrolyzer technologies offer versatile applications in emergency response scenarios,
providing reliable and sustainable energy solutions where conventional power
infrastructures may fail. The rapid deployment of mobile electrolyzers ensures
immediate access to green hydrogen fuel, in combination with suffcient other
renewables such as photovoltaics, which can support emergency shelters and Bases of
Operations for Emergency Response Organization. Additionally, hydrogen could be
transported from large electrolyzers, including existing stationary heavy industry, that
have access to electricity near their operations and sufficient transportation
capabilities.
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Proton Exchange Membrane (PEM) electrolyzers are particularly effective for rapid
deployment due to their compact design and quick start-up capabilities. They are well-
suited for mobile energy units in disaster zones. Alkaline electrolyzers, known for their
durability, are utilized in scenarios requiring prolonged energy supply, though their
setup involves handling caustic materials. Anion Exchange Membrane (AEM)
electrolyzers, offering cost-effective, lightweight systems, are ideal for decentralized
energy production in remote areas. Solid Oxide Electrolysis Cells (SOEC), despite their
complex operational requirements, can serve as centralized hydrogen production units,
with the generated hydrogen transported to disaster sites as needed.

IX. Operational Considerations

Operational considerations for deploying electrolyzer technologies in emergency
response scenarios include several critical factors that ensure their effectiveness,
reliability, and safety.

Electrolyzers must be compatible with existing energy infrastructures and emergency
response protocols to facilitate smooth integration during deployment. Systems should
be designed to operate under diverse environmental conditions, including extreme
temperatures, humidity, and varying altitudes, ensuring resilience in different disaster
scenarios. Reliable energy sources are essential for continuous electrolyzer operation.
While renewable energy can be a primary source, backup generators may be necessary
to maintain operations during extended outages. Personnel involved in the deployment
and operation of electrolyzers need proper training to handle the systems safely and
efficiently. This includes understanding system components, emergency shutdown
procedures, and routine maintenance tasks.

X. Safety and Security Aspects

All electrolysers produce hydrogen and oxygen, both of which are highly reactive gases
that require careful handling. The presence of hot, compressed oxygen poses significant
risks that should not be underestimated during operation. Additionally, AEL
electrolysers contain large amounts of strong lyes, highly caustic alkaline solutions,
such as sodium hydroxide (NaOH) or potassium hydroxide (KOH), which can cause
severe chemical burns if spilled. Electrolyzers often operate at high temperatures and
can reach pressures of up to 15 bar, increasing the risk of accidents if not properly
managed.

XIl.  Social Acceptance, ethical aspect

The deployment of electrolyze technologies in bases of operation and emergency
shelters offers promising solutions for hydrogen production. Ethical considerations
include resource allocation, environmental impact, safety management, and ensuring
equitable access to these technologies. Engaging stakeholders and maintaining
transparency about risks and benefits are crucial for fostering trust. Ultimately,
balancing efficiency, costs, safety, and ethical resource use is key to successful
implementation in disaster settings.
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3.1.10. Micro gas turbines

Status: Market Available / Research & Development

Energy focus of the Generation

component:

Key words: Micro Gas Turbine, CHP, Distributed Generation, Hydrogen Combustion,

Biogas, Syngas, Power-to-Power (P2P), Hybrid Energy Systems

Summary

Micro Gas Turbines (MGTs) are compact, efficient energy systems that generate
electricity and heat using various fuels, including natural gas, hydrogen, and biogas.
Their fuel flexibility, low emissions, and ability to integrate with renewable energy
sources make them a key technology for decentralized and emergency power
applications. MGTs provide fast start-up times and high reliability, making them

particularly suitable for emergency response organizations requiring resilient and
independent power solutions. Their combined heat and power (CHP) capabilities
enhance efficiency, reducing fuel consumption in critical situations. By supporting
grid-independent operations, MGTs ensure continuous energy supply during crises,
making them a fitting tool for emergency response organizations and off-grid power
needs.

I. Definition, Motivation and Purpose:

Micro Gas Turbines (MGTs) are small-scale combustion turbines designed for efficient
and sustainable energy generation. They operate on a thermodynamic process that
involves compressing ambient air, mixing it with fuel, and igniting it to produce high-
temperature, high-pressure gases. These gases then expand through a turbine,
generating mechanical energy that is converted into electricity. Due to their compact
size and modular design, MGTs are particularly well-suited for distributed energy
applications, enabling their deployment in microgrids, industrial facilities, and remote
locations where conventional large-scale power plants are impractical [1,2].

As the global energy landscape shifts towards more decentralized and sustainable power
generation, MGTs present a viable solution to enhance grid resilience and reduce
dependence on fossil fuels. Their capability to operate on multiple fuels provides
flexibility in energy sourcing and contributes to carbon reduction efforts. MGTs also play
a crucial role in combined heat and power, where the waste heat produced during
electricity generation is captured and repurposed for heating or industrial processes,
significantly improving overall energy utilization [3,4]. Furthermore, their low emissions
profile, particularly when operating on hydrogen or biogas, makes them an attractive
alternative to conventional diesel and gas engines, aligning with global efforts to curb
greenhouse gas emissions and improve air quality [3,4].

The primary purpose of MGTs is to provide a reliable, flexible, and sustainable energy
solution (if run with sustainable energy source) that can be deployed in various settings,
including off-grid applications, microgrids, CHP systems, and industrial energy
production. Their ability to efficiently utilize a wide range of fuels, coupled with their
compact footprint and ease of integration with renewable energy storage systems,
makes them a critical component of the future energy landscape. By improving energy
efficiency, reducing emissions, and enhancing energy security, MGTs contribute
significantly to the global transition towards cleaner and more resilient energy
infrastructures [1-3].
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Il.  Functionality and Technical explanation

Micro Gas Turbines (MGTs) operate based on the Brayton cycle. The process begins
with air compression, where atmospheric air is drawn into a radial compressor, where
it is compressed to increase its pressure and temperature. The compressed air then
enters the combustion chamber, where fuel—such as natural gas, hydrogen, or biogas—
is injected and burned, producing high-temperature gases. These hot gases expand
through a radial single-stage turbine, extracting mechanical energy that drives a high-
speed generator to produce electricity. Many MGTs are equipped with a recuperator,
which improves efficiency by recovering waste heat from the exhaust and using it to
preheat the compressed air before combustion, thereby reducing overall fuel
consumption and enhancing thermal efficiency [1,3].

MGTs are particularly advantageous for combined heat and power (CHP) applications,
where the exhaust heat is recovered and utilized for district heating, industrial
processing, or even absorption cooling, significantly improving energy utilization
efficiency. Additionally, processes are developed to integrate MGTs with hydrogen
storage systems allows them to store excess renewable energy in hydrogen form, which
can later be converted back into electricity using MGT technology [3,4].

Recent advancements in exergetic and thermodynamic optimization have further
refined MGT technology, leading to enhanced efficiency, reduced fuel exergy depletion,
and improved adaptability to various renewable fuel blends, including hydrogen-syngas
mixtures. Research has also demonstrated that incorporating Al-enhanced predictive
maintenance systems significantly improves operational reliability and efficiency [6,7].
These attributes make MGTs a promising and adaptable technology for decentralized
power generation, microgrids, and hybrid renewable energy systems.

Ill. Performance Requirements

Micro Gas Turbines (MGTs) offer a highly efficient and flexible power generation
solution, particularly in distributed energy applications and off-grid environments. Their
performance depends on various factors, including fuel type, operational conditions,
and system configurations. MGTs are known for their ability to operate on multiple fuel
types, including natural gas, biogas, syngas, and hydrogen, allowing them to be adapted
to different energy markets and sustainability goals. Their high electrical and thermal
efficiencies make them well-suited for combined heat and power (CHP) systems, where
the waste heat produced during electricity generation is utilized for heating or industrial
processes, significantly improving overall energy utilization [1,2].

Another significant advantage of MGTs is their low emissions profile, especially when
operating on cleaner fuels like hydrogen or biogas, helping to reduce greenhouse gas
emissions and air pollution. Additionally, fast start-up times and long maintenance
intervals contribute to their reliability, making them suitable for critical applications,
such as emergency response operations and microgrids in remote locations [3,4].

Table 43: Performance measures of Micro-Gas-Turbines

Efficiency (Electrical) 25-40 % [1-3,8]
Efficiency (CHP Mode) 70-90 % [4,9,10]
Power Output Range 25 kW - 500 kW [1,10]
Fuel Flexibility Natural Gas, Biogas, Hydrogen, Syngas, Ammonia [2,3,5]
Emissions Ultra-low NOx, COF reduction (depends on fuel type) [3,5,10]
Maintenance Interval >10,000 hours [1,8]
Start-up Time <60 seconds [4,6]
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IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The continuous advancement of MGT technology is focused on increasing efficiency, fuel
flexibility, and integration with renewable energy sources. One key trend is the use of
hydrogen and ammonia as alternative fuels, reducing carbon emissions while maintaining high
combustion efficiency [3,4]. Additionally, the integration of advanced recuperators significantly
enhances thermal efficiency by utilizing exhaust heat to preheat incoming air, reducing fuel
consumption [3]. Hybridization with batteries and fuel cells is another significant trend,
allowing MGTs to operate alongside renewable energy sources such as solar and wind to
provide stable and reliable power generation [3,10].

The introduction of Al-driven digital twins and predictive maintenance technologies has also
contributed to improving MGT performance, optimizing maintenance schedules, and reducing
operational downtime [6,7]. These innovations ensure that MGTs remain competitive in the
evolving energy landscape, where decentralization and resilience play a crucial role.

The market for MGTs is expanding due to increasing demand for decentralized power solutions,
particularly in industrial and remote applications. Strict emissions regulations have
accelerated the adoption of low-carbon and hydrogen-based MGTs, providing industries with
sustainable energy options (if run with sustainable energy source) [3]. Companies lead the
market in innovating MGT technology such as:

1 Capstone Green Energy Corporation (USA): Formerly known as Capstone Turbine
Corporation, Capstone is a prominent developer of microturbine power generation
systems. Their microturbines are utilized in various applications, including combined
heat and power (CHP), integrated CHP (ICHP), and combined cooling, heat, and power
(CCHP) systems [11].

o C65:

Generation: 65 kW

Electrical Efficiency LHV: 28 9%

Combined Heat And Power Efficiency: Up to 90 %

Voltage: 400-480 VAC

Frequency: 50/60 Hz

Weight: Grid Connect - 7568 kg (1,671 Ib); Dual Mode - 1,121 kg (2,471 |b)

Fuels: natural gas, ultra low sulfur diesel #2), biogas (landfill, digester),

associated gas, sour gas, propane gas [12]

O O O0OO0OO0OO0oOOo

1 Aurelia Turbines (Finland): Aurelia manufactures highly efficient gas turbines tailored
for multiple applications, including CHP and steam processes. They are also involved
in developing zero-emission large gas turbine power systems for maritime transport
[13].

o Aurelia® iA400:

Generation: 250 kW

Electrical Efficiency: > 40 9%

Voltage: 350 VAC

Frequency: 553 Hz

Fuels: standard gaseous fuels to biogas, flare gas, synthetic & recovered

gases [14]

O O o0OOo0oo

1 Ansaldo Energia (ltaly): Ansaldo Energia provides microturbines designed for high-
efficiency solutions in cogeneration (Combined Heat & Power) and trigeneration
(Combined Cooling, Heat & Power) applications, catering to small-to-medium power
ranges [15].

o AE-T100NG (Power Only (P) or Combined Heat & Power (CHP) System):
o Generation: (100 = 3) kW
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Electrical Efficiency: (30 + 2) 9%

Voltage: 400 VAC

Frequency: 50 Hz (60 Hz on request)

Weight: 2250 / 2750 kg (P) - 2770 / 3100 kg (CHP)

Fuels: natural gas (methane) (or biogas within the AE-T100B version) [16]

O O O OoOo

Furthermore, the integration of biogas-fueled MGTs with seasonal thermal energy storage is
improving energy efficiency and cost-effectiveness, making them a competitive alternative to
conventional diesel generators [9].

V. Technical Challenges and Prognosis/Primary Use Cases

Challenges: Despite their advantages, MGTs face several technical and economic
challenges. Fuel flexibility, particularly when using hydrogen and ammonia, requires
adaptations in combustion chamber design to maintain stability while minimizing NOx
emissions [3,4]. Furthermore, grid stability and control mechanisms must be improved
to facilitate seamless integration with renewable energy sources and microgrids [3,8].
Another challenge lies in optimizing component durability, as high-temperature
operations can impact turbine longevity, necessitating advanced cooling techniques and
material innovations [1,3].

Prognosis: MGTs are expected to see significant advancements in the coming years,
particularly in the adoption of 1009 hydrogen-powered systems, further reducing
greenhouse gas emissions [6]. Innovations in recuperator design and hybridization with
fuel cells will lead to higher efficiency and greater fuel savings. Additionally, increased
adoption of Al-driven optimization and predictive maintenance will improve operational
efficiency and extend maintenance intervals, ensuring cost-effectiveness for long-term
applications [6,7].

Primary Use Cases

1 Industrial CHP Systems - Providing efficient power and heat to manufacturing
facilities, data centers, and processing industries.

1 Commercial Buildings - Used in hospitals, hotels, and office buildings for
decentralized energy generation and heat recovery.

1 Remote and Off-Grid Power — Supporting microgrids in rural electrification and
islanded operations.

1 Emergency and Backup Power — Ensuring power reliability in critical situations
such as emergency response and military operations.

VI. Logistics/expected logistics

Micro Gas Turbines (MGTs) offer significant logistical advantages due to their compact
and modular design, making them ideal for deployment in remote locations, emergency
response operations, and industrial applications. Their small footprint and ease of
transport allow for rapid mobilization, which is particularly beneficial in emergency
response scenarios. However, logistical efficiency depends on transport methods,
system size, and site conditions.

Transport Methods

1 Truck Transport: MGTs, especially containerized units, can be transported via standard
trucks, allowing for quick relocation and on-site installation.

1 Cargo Aircraft: Smaller MGT units or modular systems can be airlifted via cargo
aircraft, enabling rapid deployment in disaster-stricken or remote areas.
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1 Shipping Containers: Larger MGT systems can be containerized for sea and land
transport, ensuring efficient global deployment.

MGTs, particularly modular units, are designed for quick installation and high reliability.
Depending on system size and site conditions, MGTs can be operational within hours to a few
days. Their ability to function independently of traditional power grids makes them a valuable
energy source for emergency response organizations.

For disaster relief operations, the ability to integrate MGTs with hydrogen and biogas
infrastructure is a major advantage in sustainable power solutions. However, fuel availability in
crisis regions influences deployment feasibility. Additionally, automated control and predictive
maintenance systems improve operational efficiency and reduce downtime, making MGTs well-
suited for long-term off-grid power generation.

Their transportability via trucks, cargo planes, or shipping containers enhances their role in
rapid deployment scenarios, ensuring continuous power supply where grid infrastructure is
unavailable or compromised. The combination of low maintenance requirements and real-
time diagnostic systems further strengthens their logistical viability in emergency scenarios.

VII. Competing current and future solutions

Micro gas turbines stand out due to their compact design, reliability, and ability to
operate on multiple fuels, including hydrogen, biogas, and syngas. Their modular
nature allows for deployment in off-grid and emergency scenarios where conventional
power grids are unavailable. However, compared to reciprocating gas engines and fuel
cells, MGTs often exhibit lower electrical efficiency at part load, which can impact
overall performance in variable energy demand settings.

Reciprocating gas engines, a well-established technology, offer higher full-load efficiency and
widespread availability, making them a competitive alternative to MGTs in stationary
applications. However, they contain more moving parts, leading to increased maintenance
requirements and a larger footprint, which may limit their viability for rapid deployment
scenarios.

Fuel cells, particularly Solid Oxide Fuel Cells (SOFCs) and Proton Exchange Membrane Fuel
Cells (PEMFCs), provide higher electrical efficiency and near-zero emissions but are currently
constrained by high capital costs and fuel flexibility limitations. They require pure hydrogen or
processed methane, making them less adaptable for decentralized applications where varied
fuel sources are necessary.

Battery storage combined with solar or wind energy presents a zero-emission, fuel-free option
for off-grid power generation. While highly sustainable, this solution is intermittent and
demands large-scale storage infrastructure, making it less practical for rapid deployment and
continuous emergency operations.

Another competing solution involves hydrogen and ammonia combustion systems, which hold
promise for zero-carbon power generation. However, these technologies still require
infrastructure investments for fuel production, storage, and distribution, as well as
advancements in combustion control to manage emissions and efficiency.

In conclusion, micro gas turbines remain a highly adaptable and robust solution in the
decentralized energy sector, particularly where fuel flexibility, rapid deployment, and CHP
capabilities are essential. While alternative technologies provide benefits in specific areas,
MGTs continue to offer a balanced approach for off-grid power generation, emergency energy
solutions, and integration with renewable fuels.
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VIIl. Deployment and Applications for Emergency Response Organizations

Micro Gas Turbines (MGTs) are highly adaptable solutions for emergency response
organizations due to their rapid deployment capabilities, modularity, and fuel flexibility.
These attributes allow them to function as reliable power sources in emergency response
operations, humanitarian aid missions, and military field applications. Their ability to operate
independently from central power grids ensures continuous energy supply in critical
conditions where infrastructure is damaged or unavailable.

Key Applications:

1 Field Hospitals & Medical Facilities: MGTs provide uninterrupted power supply for life-
saving equipment and medical operations, ensuring the safety of patients and
personnel.

1 Humanitarian Aid: The modular nature of MGTs enables rapid setup and efficient power
distribution in refugee camps, temporary housing, and relief centers.

1 Military & Tactical Deployments: MGTs are portable and robust, allowing them to
support forward operating bases, mobile command centers, and remote operations.

1 Isolated & Off-Grid Regions: These turbines play a critical role in powering remote
villages, communication systems, and infrastructure recovery efforts post-disaster.

Deployment Considerations:

1 Transportation: MGTs are designed for easy transport via trucks, cargo planes, and
containerized shipments, ensuring quick deployment even in inaccessible areas.

1 Installation Time: Compact and modular designs enable setup within a few hours to
days, depending on the system size and site conditions.

1 Fuel Supply: Ability to operate on biogas, hydrogen, or natural gas allows adaptability
to locally available energy sources, reducing reliance on imported fuels.

1 Operational Resilience: Designed to withstand harsh environmental conditions,
including extreme temperatures and high altitudes, ensuring continuous functionality.

By integrating MGTs with renewable energy storage solutions and smart grid technologies,
emergency response organizations can further enhance energy security and reduce carbon
footprints in critical operations. These characteristics establish MGTs as a cornerstone of
resilient energy infrastructure for crisis management and emergency response organizations.

MGTs offer rapid deployment capabilities and are ideal for disaster relief, field hospitals, and
emergency shelters. Their ability to operate independently of large power grids ensures that
emergency response organizations can maintain continuous energy supply in critical
situations. Their fuel flexibility, particularly with biogas and hydrogen, further supports
sustainable energy deployment in humanitarian missions and military applications [3,4].

IX. Operational Considerations

Micro Gas Turbines (MGTs) require minimal operator training due to their automated control
systems and predictive maintenance technologies [4,8]. Standardized setup procedures
ensure that even non-specialist personnel can operate and maintain MGTs effectively,
comparable to the deployment of diesel generators [10]. Their integration with existing heat
and power networks ensures seamless adoption in industrial and commercial facilities, making
them suitable for urban, rural, and remote environments [3]. Compliance with IEEE 1547-2018
and other grid interconnection standards facilitates the integration of MGTs into microgrid
systems [9].
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MGTs are designed to operate in diverse environments, including disaster zones, off-grid
locations, and hybrid energy systems [4]. Their compact size and modularity make them well-
suited for applications in extreme conditions, such as high temperatures, high altitudes, and
isolated areas [1,3]. Additionally, real-time monitoring and fault diagnostics enhance the
reliability of these systems, allowing for early failure detection and optimized maintenance
scheduling, thus reducing operational downtime [5].

Compared to diesel generators, MGTs have longer maintenance intervals, reducing the
frequency of service interventions and improving overall system uptime [9]. However, advanced
control systems require specialized personnel for diagnostics and software updates, which can
increase technical dependency [7].

To further improve operational efficiency, automated shutdown mechanisms are incorporated
to prevent mechanical and electrical overloads, ensuring long-term performance and safety
[6]. These systems also include vibration damping technologies, reducing mechanical stress
and increasing longevity, especially in sensitive environments [3,8].

By integrating Al-enhanced performance monitoring, predictive analytics, and automated
diagnostics, MGTs can optimize energy output while reducing maintenance costs and
increasing system lifespan [7]. These capabilities make them a robust, low-maintenance
solution for various power generation applications, including emergency response, microgrids,
and industrial operations [4,9].

X. Safety and Security Aspects

Ensuring the safe operation and security of MGTs is essential, particularly in emergency
response and critical infrastructure settings [10]. MGTs offer safe, low-pressure operation,
reducing explosion risks compared to traditional high-pressure gas turbines [3]. Their
compliance with strict NOx and COF regulations ensures that emissions are kept within
environmentally sustainable limits [4,5].

Supply Chain Considerations: The global supply chain for MGTs is influenced by
availability of critical components, such as recuperators, high-speed generators, and
combustion chambers [8,9]. Sourcing specialized materials, such as high-performance
alloys and ceramic coatings, ensures durability but may introduce procurement delays
[3]. Local manufacturing and assembly capabilities are increasingly being developed to
reduce reliance on external supply chains and improve deployment efficiency [6].

Advancements in material recycling and circular economy practices are becoming a focus,
particularly in the repurposing of high-performance alloys used in turbine components. These
initiatives contribute to sustainability while reducing supply chain vulnerabilities [7].

Cybersecurity and Grid Integration: With the growing digitalization of power generation,
MGTs are now equipped with smart monitoring and control systems [7]. These
enhancements require robust cybersecurity protocols to prevent unauthorized access
and ensure operational integrity [9]. Additionally, grid-interactive MGTs must comply
with grid security standards to mitigate risks associated with cyber threats and system
malfunctions [5].

Xl.  Social Acceptance, ethical aspect

The social acceptance of MGTs depends on their environmental impact, noise levels, and
overall sustainability [3]. As decarbonization efforts increase, MGTs that can operate on
hydrogen, biogas, and other renewable fuels gain greater acceptance as part of the energy
transition [6,7].
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MGTs offer lower emissions and quieter operation compared to traditional diesel
generators, making them more suitable for urban and residential settings [4,10]. The
ability to integrate with local renewable energy sources further enhances their role in
sustainable energy planning [3,6]. However, concerns related to fuel supply
infrastructure and initial investment costs remain challenges for widespread adoption
[5]. While the initial capital expenditure of MGTs is higher than that of diesel generators,
the lifetime operational cost is lower due to reduced fuel consumption and maintenance
needs [9]. Additionally, policy incentives and carbon credits are being explored to make
MGT adoption more financially viable [7].

MGTs contribute to energy security and resilience, particularly in developing regions
where grid access is limited [4]. However, ethical concerns arise regarding the
extraction and supply chain processes for certain materials used in turbine
manufacturing [9]. Efforts to ensure sustainable sourcing and fair labor practices are
essential in promoting the ethical deployment of MGT technology [10].

By addressing these factors, MGTs continue to be positioned as a key enabler of sustainable
and decentralized energy solutions, balancing technological advancements with social and
environmental responsibilities [3,6].
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3.1.11. Biomass and waste-to-energy

Status: Market available & in Research and Development

Energy focus of the coversion

component:

Key words: Biomass, Biogas, Waste-to-Energy, Anaerobic Digestion, Pyrolysis,

Gasification, Microgrid, Decentralized Energy, Portable Powerplants

Summary

Biomass and waste-to-energy generation leverage organic materials and waste
products to produce energy carriers in various forms, such as biogas, bioethanol,
biodiesel, or direct combustion for heat and electricity. These fuels serve as
intermediaries that require further conversion — such as combustion in a generator
or processing in a fuel cell — to produce usable electricity or mechanical power. The
primary technologies involved in biomass energy conversion include anaerobic

digestion, gasification, pyrolysis, and incineration with energy recovery.

For emergency response organizations, biomass-based fuel solutions can provide a
decentralized and reliable source of power, especially in disaster-stricken or off-grid
regions, where conventional fuel supply chains may be disrupted. Furthermore,
developments in portable biomass and waste power solutions, as well as microgrid
integration, are making this technology increasingly adaptable for various
applications.

I. Definition, Motivation and Purpose

Biomass and waste-to-energy generation refer to the process of converting organic
matter —such as agricultural residues, forestry waste, food scraps, sewage sludge, and
municipal solid waste — into energy through biological or thermal conversion pathways.
These pathways offer a sustainable solution for energy generation while addressing
environmental concerns such as waste accumulation, greenhouse gas emissions, and
dependence on fossil fuels.

Biomass is a broad term that encompasses any organic material derived from plants,
animals, and microorganisms that can be used as an energy source. Biomass-to-energy
processes utilize this organic matter to generate heat, electricity, and biofuels.
Waste-to-energy (WTE) technologies focus on recovering energy from municipal solid
waste, industrial by-products, and organic residues that would otherwise contribute to
landfill accumulation. These technologies provide an alternative to traditional waste
disposal while simultaneously producing valuable energy resources.

Reduction of landfill waste: The increasing volume of waste generated worldwide has
put pressure on landfill capacity, leading to environmental issues such as methane
emissions and groundwater contamination. Biomass and WTE technologies offer a
means to divert organic waste from landfills and convert it into useful energy [1,2].
Renewable and carbon-neutral energy production: Biomass energy is considered
carbon-neutral when sourced sustainably, as the CO2 released during combustion or
conversion is offset by the CO2 absorbed during the growth of biomass feedstocks. This
makes biomass a viable alternative to fossil fuels in reducing overall carbon emissions
[3].

Decentralized power generation: Biomass and WTE technologies enable localized
energy production, reducing dependence on centralized grids. This is particularly
valuable for rural areas and disaster-prone regions where traditional energy
infrastructure may be unreliable or absent [4].
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Energy independence and sustainability: Many regions rely on imported fossil fuels to
meet their energy needs. By utilizing locally available biomass resources, communities
can achieve greater energy security and reduce their vulnerability to fluctuations in
global energy markets [1].

Circular economy integration: Biomass and WTE contribute to a circular economy by
ensuring that organic waste materials are repurposed for energy production rather than
discarded. This promotes resource efficiency and minimizes environmental impacts [5].
These factors highlight the increasing importance of biomass and waste-to-energy
systems in achieving sustainable development goals, reducing reliance on fossil fuels,
and improving waste management practices.

Il.  Functionality and Technical explanation

Biomass and waste-to-energy generation involve several key technologies that transform
organic materials into usable energy. These processes vary in efficiency, scalability, and
suitability for different feedstocks. They can be summarized as following:

Anaerobic Digestion (AD): This biological process utilizes microorganisms to break
down organic material in an oxygen-free environment, producing biogas (a mixture of
methane and COF). The process consists of four stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. The resulting biogas can be used for heating,
electricity generation, or vehicle fuel. The residual digestate is a nutrient-rich byproduct
suitable for agricultural use [1,3].

Gasification: Gasification converts biomass into a synthetic gas (syngas) consisting of
hydrogen, carbon monoxide, and methane. This is achieved by exposing biomass to high
temperatures (700-1000°C) with controlled oxygen or steam. Syngas can be used to
generate electricity in gas turbines, produce liquid fuels, or serve as a precursor for
hydrogen production. Gasification is highly efficient but requires advanced gas-cleaning
technology to remove tars and particulates [1,2,4-6].

Pyrolysis: In this thermochemical process, biomass is heated in an oxygen-limited
environment, decomposing into bio-oil, biochar, and syngas. The composition of these
products depends on the pyrolysis temperature and residence time. Bio-oil can be
upgraded to transportation fuels, biochar improves soil health and carbon
sequestration, and syngas serves as a clean energy source [1,2,5].

Combustion: Direct combustion is the simplest biomass-to-energy conversion method,
involving the burning of biomass to generate heat or electricity. Modern combustion
systems, such as fluidized bed combustors, offer improved efficiency and lower
emissions. While widely used in district heating and industrial applications, combustion
remains less efficient than gasification or pyrolysis and may require stringent emissions
controls [3].

Bubbling Fluidized Bed (BFB) Gasification: This advanced gasification method
improves fuel efficiency by ensuring thorough gas-solid interaction. It enhances tar
reduction and optimizes energy yield, making it a preferred method for small-to-
medium-scale biomass energy applications [6].

Hydrothermal Liquefaction (HTL): HTL is an emerging technology that converts wet
biomass (such as sewage sludge and algae) into bio-crude oil at moderate temperatures
(250-350°C) and high pressures. This bio-crude can be refined into drop-in biofuels,
reducing dependence on fossil fuels while utilizing wet waste streams that are
unsuitable for traditional thermochemical processes [7].

System Integration and Hybridization:

Portable Biomass & Waste Power Units: Mobile energy units are being developed for
remote or emergency applications. These compact systems utilize small-scale gasifiers
or digesters to provide off-grid electricity and heat [1,3-6].
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Microgrid Integration: Biomass power plants and waste-to-energy systems can be
incorporated into microgrids, providing stable and decentralized energy for
communities and industries. These systems improve grid resilience and enhance energy
security, particularly in rural or disaster-prone areas [2].

Al and Automation in Biomass Conversion: Al-based monitoring and process
optimization are being implemented in biomass energy systems to enhance operational
efficiency, reduce emissions, and predict maintenance needs. Machine learning
algorithms help optimize feedstock usage, improving overall system performance and
cost-effectiveness [7].

These advanced processes and integrations are driving the evolution of biomass and
waste-to-energy solutions, making them more sustainable, efficient, and adaptable for
diverse applications. The choice of technology depends on the available feedstock,
energy demand, and environmental considerations.

Ill. Performance Requirements

Biomass and waste-to-energy systems vary widely in their efficiency, scalability, and resource
requirements. Several factors determine the feasibility and effectiveness of these energy
generation methods, including energy conversion efficiency, infrastructure needs, and
environmental impact.

Energy Efficiency

Gasification Systems: Biomass gasification typically achieves electrical efficiencies
between 30-50 %, with advanced systems incorporating combined heat and power (CHP)
configurations reaching the higher end of this range. Gasification is particularly
advantageous due to its ability to produce syngas, which can be used for power
generation, liquid fuel synthesis, or hydrogen production [2,4,7].

Anaerobic Digestion (AD): Biogas production through anaerobic digestion generally
achieves lower efficiencies, with electrical conversion rates ranging between 30-40 %.
However, AD systems provide additional benefits through the production of digestate,
which serves as a valuable agricultural fertilizer, making the overall process more
sustainable [1,3].

Pyrolysis: The efficiency of pyrolysis varies depending on feedstock composition and
reaction conditions. The process yields bio-oil (40-75 9% of biomass input), biochar (15-
25 %), and syngas (10-159%), all of which can be utilized for energy generation or soil
enrichment [1,2,5].

Combustion: Direct biomass combustion systems typically achieve thermal efficiencies
of 80-90 9%, but when used for electricity generation, conversion efficiency drops to
around 20-40 %. Advanced combustion technologies, such as fluidized bed combustors,
enhance performance by improving fuel utilization and reducing emissions [3].

Feedstock Requirements and Resource Availability

Moisture Content: Biomass feedstocks with high moisture content require drying before
gasification or pyrolysis. Ideal moisture levels for gasification range from 10-20 %,
whereas anaerobic digestion performs better with wetter feedstocks [1].

Calorific Value: The energy content of biomass varies depending on composition. For
example, wood-based biomass has a higher calorific value (~18-22 MJ/kg) compared to
agricultural residues (~10-15 MJ/kg) [5].

Consistency of Supply: A continuous and reliable supply of biomass is necessary to
maintain stable energy output. Seasonal variability and competing agricultural demands
can pose logistical challenges, necessitating diversified feedstock sources and efficient
storage solutions [1].
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Infrastructure and Technological Requirements

Preprocessing Facilities: Biomass often requires preprocessing, such as drying,
shredding, or pelletizing, to enhance fuel consistency and efficiency. Advanced
biorefineries integrate multiple conversion pathways to maximize energy recovery from
various biomass fractions [7].

Gas Cleaning Systems: Gasification and pyrolysis require sophisticated gas-cleaning
technologies to remove tars, particulates, and other contaminants before syngas
utilization. Recent advancements in catalytic cracking and plasma gas cleaning improve
syngas quality and reduce emissions [2,4].

Storage and Distribution: Biogas can be stored as compressed biomethane (CBM) for
transport or injected into natural gas grids, while solid biomass can be densified into
pellets or briquettes for ease of handling and combustion [3].

Regulatory and Environmental Considerations

Emissions Control: While biomass energy is considered carbon-neutral, combustion and
gasification processes can release air pollutants such as nitrogen oxides (NOx) and fine
particulate matter (PM). Compliance with environmental regulations requires the use of
emission control technologies like electrostatic precipitators, scrubbers, and catalytic
converters [7].

Sustainability Certifications: Many jurisdictions require biomass energy projects to
meet sustainability criteria, such as those outlined by the Forest Stewardship Council
(FSC) or the Roundtable on Sustainable Biomaterials (RSB), ensuring responsible
sourcing and minimal ecological impact [1].

Waste Heat Utilization: Integrating waste heat recovery systems into biomass power
plants enhances overall system efficiency by utilizing excess thermal energy for
industrial applications, district heating, or greenhouse operations [6].

By optimizing efficiency, securing sustainable feedstock supplies, and complying with
regulatory requirements, biomass and waste-to-energy technologies can provide a
scalable and environmentally responsible alternative to fossil fuels.

Energy Efficiency: Gasification systems can achieve up to 50 % electrical efficiency,
while anaerobic digesters range from 30-40 % [2,4,7].

Feedstock Requirements: A steady supply of biomass is necessary for consistent energy
production. Moisture content, calorific value, and composition influence system
efficiency [1].

Infrastructure Needs: Biomass processing facilities require gas cleaning units, storage
systems, and transportation logistics for feedstock collection [5].

IV.  Current Technological Development Trends/Development Trends & Market
Analysis:

Biomass and waste-to-energy technologies are evolving rapidly due to advancements in process
efficiency, emission control, and integration with other renewable energy systems. As the
demand for sustainable energy solutions grows, innovations in biomass conversion and market
expansion are shaping the future of this sector.

Technological Advancements

Hybrid Energy Systems: Biomass energy is increasingly being incorporated into hybrid
renewable energy models, where it complements solar PV, wind, and hydrogen-based
systems. This hybridization ensures a continuous power supply by balancing
intermittent renewable sources with the steady output of biomass energy [4,7].

Advanced Gasification Techniques: New gasification reactor designs, including plasma-
assisted and oxygen-enriched gasification, are improving syngas quality and reducing
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tar formation, making biomass gasification a more viable alternative for large-scale
energy production [2,4,6].

Second and Third-Generation Biofuels: Research is focusing on producing advanced
biofuels from lignocellulosic biomass and algae. These biofuels offer higher energy
density and better compatibility with existing fuel infrastructure while reducing
competition with food crops [1,5].

Carbon Capture and Storage (CCS) in Biomass Energy: Emerging biomass-to-energy
plants are incorporating CCS technologies to capture and store COF emissions, making
them carbon-negative. This approach is particularly relevant for achieving net-zero
emissions goals [1].

Al and Smart Monitoring: Al-driven systems are being integrated into biomass energy
facilities to optimize feedstock conversion, monitor emissions, and enhance operational
efficiency. Al-based predictive maintenance is also reducing downtime and improving
system longevity by identifying potential failures before they occur [7].

Market Expansion and Policy Drivers

Many countries are implementing carbon pricing mechanisms and offering subsidies for
biomass energy projects. The European Union’s Renewable Energy Directive and the US
Inflation Reduction Act provide financial incentives to accelerate the adoption of
biomass and biofuel technologies [1].

Investment in Biomass Infrastructure: China, the European Union, and North America
are leading global investments in biomass energy infrastructure, with a focus on
expanding district heating networks, industrial cogeneration plants, and waste-to-
energy facilities [5].

Corporate Adoption and Decarbonization Goals: Many corporations are incorporating
biomass-based energy solutions into their sustainability strategies to meet carbon
neutrality targets. Companies in the agricultural, forestry, and food processing
industries are increasingly using biomass residues to power their operations [7].
Growing Interest in Sustainable Aviation Fuels (SAF): The aviation industry is investing
in biomass-derived SAF as a means to reduce carbon emissions. Biomass-to-liquid (BtL)
fuels, derived from waste and non-food crops, are being tested in commercial flights
and may become a major alternative to fossil jet fuels in the coming decades [5].
These trends indicate that biomass and waste-to-energy technologies will play a crucial
role in the global transition toward a low-carbon energy system. With continuous
improvements in efficiency, emission control, and market support, biomass energy is
becoming a more competitive and sustainable energy solution.

Market trends show increasing adoption of decentralized biomass and waste-to-energy
solutions, with (major) suppliers including:
Industrial sector (medium to large scale):

EnviTec Biogas AG (Germany) [8] - largest bio gas and bio ethanol provider in Germany
Veolia Environmental Services (France) [9] - recycling of recovered waste sources to
Solid recovered fuels (SRF), as an alternative to landfill

1 Waste Management Inc. (USA) [10] medium to large residential waste recycling via
Landfills Fuel Source Circle (producing RNG)

f
f

Other technological examples and their respective organizations include (small to medium
scale):

1 All Power Labs (USA) - Power Pallet PP20: A compact downdraft gasifier system
producing 15-20 kW of power, designed for low-tar syngas production suitable for small-
scale internal combustion engines. The system achieves 30 9% efficiency and operates
on diverse feedstocks, including wood chips and agricultural residues [11].

1 Ankur Scientific (India) - WBG Series Gasifiers: These fluidized-bed gasifiers provide
better fuel flexibility and higher efficiency for continuous decentralized power
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generation in rural areas. The systems achieve 35-40 9%, cold gas efficiency and generate
up to 200 kW of power [11].

1 Turboden (ltaly) — Small-Scale Biomass ORC Systems: Instead of conventional
gasification, Turboden’s Organic Rankine Cycle (ORC) systems convert biomass heat
into electricity with efficiencies between 18-24 9, and are particularly effective in
industrial waste heat recovery applications [11].

1 Community Power Corporation (USA) - BioMax Units: A modular micro-scale
gasification system that generates 5-25 kW of electricity with integrated syngas
filtration, achieving over 30 9% electrical efficiency. Designed for remote and off-grid
applications [11].

7 Flexi Biogas Systems (Kenya) — small scale production of bio gas from kitchen waste,
garden weeds and dung. Different models available from 30m? up to 200m3 of biogas
production. The products are prefabricated and easy to install. Usable volumes of gas
are produced within 7-14 days [12].

Examples for the usage of renewable carriers for energy generation:

Bladon Micro Turbine: Bladon has developed different types of stand-alone microturbine
generator, designed to replace traditional diesel units. This microturbine offers advantages
such as lower cost of ownership and extended service intervals, making it suitable for remote
infrastructure.

1 Bladon Micro Turbine Gensets (MTG) [13]:
Generation: OkW to 12kW (Prime / Standby)
Efficiency: N/A / Powerfactor: 1.0
Voltage: 230 Vac
Frequency: 50/60 Hz
Weight: N/A / Power Plant: < 30 kg
Noise: 60dB(A) at 7 meters
Fuels: (bio) diesel, kerosene, paraffins and low carbon HVO's (Hydrotreated
Vegetable Oils)

1 Micro Turbine Power (MTP40) [14]:
Generation: 32kW to 35.2kW (Prime / Standby)
Efficiency: N/A
Voltage: 380-415 3ph
Frequency: 50/60 Hz
Weight: 1,400 kg
Noise: 55-60 dB at 7 meters
Fuels: bio-diesel, kerosene, paraffin and diesel (e-fuels possible)

V. Technical Challenges and Prognosis/Primary Use Cases

Biomass and waste-to-energy technologies face several technical, logistical, and
economic challenges, which impact their efficiency, scalability, and environmental
sustainability. However, advancements in process automation, artificial intelligence
(Al), and carbon capture technologies are expected to enhance the viability of biomass
energy solutions.

Key Challenges:

Feedstock Availability and Seasonality: Biomass availability is highly dependent on
seasonal variations, land use, and competition with food production. Agricultural
residues, forestry waste, and organic municipal waste all fluctuate in supply, requiring
efficient storage and supply chain management to ensure continuous energy production

[1].
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Prognosis: The development of integrated biomass supply networks and regional
biomass hubs will enhance resilience against seasonal fluctuations. Advanced storage
techniques, such as palletization and torrefaction, improve feedstock shelf life and
transport efficiency [7].

Emissions Control and Environmental Impact: While biomass energy is considered
carbon-neutral, combustion and gasification processes can still release pollutants, such
as nitrogen oxides (NOx), sulfur oxides (SOx), and particulate matter. Strict
environmental regulations require sophisticated gas-cleaning technologies, including
scrubbers, electrostatic precipitators, and catalytic converters [7].

Prognosis: Carbon capture and storage (CCS) technologies are being integrated into
biomass power plants, creating carbon-negative energy systems. Additionally,
improvements in oxygen-enriched and plasma-assisted gasification can significantly
reduce emissions [4].

Technological Complexity and System Efficiency: Converting biomass into useful
energy forms involves multiple steps—from preprocessing to energy extraction—which
can lead to efficiency losses. Advanced gasification and pyrolysis methods require
precise temperature and pressure controls, making the technology more complex and
costlier to operate compared to traditional fossil fuel systems [5].

Prognosis: The application of Al and machine learning in biomass energy facilities is
optimizing process automation, predictive maintenance, and efficiency improvements.
These innovations reduce operational costs and ensure real-time monitoring of
performance parameters [7].

Infrastructure and Economic Barriers: Establishing biomass-to-energy plants requires
significant capital investment, particularly for gasification and pyrolysis systems.
Additionally, logistics costs for feedstock collection and transportation can be high,
especially in decentralized and rural areas [1].

Prognosis: Government incentives, including carbon credits, renewable energy
subsidies, and feed-in tariffs, are promoting biomass energy adoption. The expansion
of regional biomass processing centers will improve cost-efficiency by localizing
feedstock conversion and reducing transportation costs [7].

VI. Logistics/expected logistics

Efficient logistics play a crucial role in ensuring the sustainability and economic viability
of biomass and waste-to-energy projects. The logistics chain involves feedstock
collection, storage, processing, transportation, and energy conversion, all of which must
be optimized to reduce costs and environmental impact. Local infrastructures or
continuous transportation chains are required for the storage and processing of raw
materials in particular.

Feedstock Collection and Processing

Regional Biomass Hubs: Centralized biomass collection centers improve supply chain
efficiency by consolidating feedstock from various sources before transport to
conversion facilities. These hubs help reduce transportation emissions and logistical
bottlenecks [1].

Storage Solutions: Biomass materials must be properly stored to maintain their
calorific value and prevent degradation. Modern storage solutions include covered silos,
moisture-controlled facilities, and compacting techniques such as baling and ensiling
to reduce volume and minimize losses [5].

Preprocessing Techniques: Biomass often requires preprocessing to enhance energy
yield and efficiency. This includes drying, shredding, pelletization, and torrefaction,
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which improve feedstock consistency and facilitate handling, transport, and combustion

[6].
Transportation and Distribution

Densification for Transport Efficiency: Pelletization and briquetting significantly
increase energy density, reducing transportation costs and storage space requirements.
Densified biomass products such as wood pellets and bio-coal are widely used in large-
scale power plants and decentralized heating applications [7].

Optimized Transport Networks: Logistics optimization through Al-driven fleet
management, route optimization, and multi-modal transportation (road, rail, and
waterway transport) ensures cost-effective biomass delivery while minimizing carbon
footprints [4].

Local-to-Local Supply Chains: Small-scale biomass projects benefit from short-distance
transportation networks that link local feedstock sources with nearby bioenergy plants.
This decentralized approach strengthens regional energy security and rural
development [1].

Challenges and Future Trends

Seasonal Variability of Biomass: Agricultural residues, forestry waste, and organic
waste streams fluctuate throughout the year. Developing biomass banking strategies
and integrated storage solutions mitigates supply inconsistencies [5].

Sustainable Transport Solutions: The adoption of electric and biofuel-powered
transport fleets in biomass logistics is gaining traction to reduce the sector’s overall
carbon footprint [7].

Advancements in Biomass Supply Chain Management: Emerging blockchain-based
tracking systems are enhancing transparency in biomass sourcing, ensuring
sustainability compliance, and reducing fraudulent practices in the bioenergy sector

[1].

VII. Competing current and future solutions

Biomass and waste-to-energy solutions compete with several renewable and alternative energy
technologies, each offering distinct advantages and challenges. While biomass energy provides
continuous power generation and the ability to utilize waste resources, it must be evaluated
against solar PV, wind energy, hydrogen fuel cells, and other emerging technologies in terms
of efficiency, environmental impact, scalability, and cost.

Comparison with Solar PV

Advantages of Biomass Over Solar PV: Unlike solar PV, which is intermittent and
dependent on daylight hours, biomass energy provides baseload power, making it a
reliable energy source for continuous operation [7]. Additionally, biomass energy can
use waste materials, reducing landfill dependence and methane emissions.
Advantages of Solar PV Over Biomass: Solar PV systems have lower operational costs
and require less complex infrastructure compared to biomass processing facilities.
Additionally, solar PV is completely emission-free, while biomass combustion and
gasification can produce pollutants if not properly managed [1].

Hybrid Potential: Biomass and solar PV are often integrated in hybrid energy systems,
with biomass covering night-time energy needs or periods of low solar radiation [4].

Comparison with Wind Energy

Advantages of Biomass Over Wind Energy: Wind energy is dependent on meteorological
conditions, leading to fluctuating electricity generation. Biomass energy, on the other
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hand, provides a stable and predictable power source that can complement wind
generation by filling in supply gaps during low-wind periods [1].

Advantages of Wind Energy Over Biomass: Wind energy has higher energy conversion
efficiency, with modern wind turbines achieving efficiency rates of 35-509%, compared
to the 30-50% efficiency of biomass gasification. Wind energy also has a lower carbon
footprint, as it does not involve combustion or fuel processing [5].

Hybrid Potential: Wind power and biomass energy are being integrated into hybrid
renewable systems, particularly in off-grid applications, where biomass generators
provide backup power when wind speeds are insufficient [6].

Comparison with Hydrogen Fuel Cells

Advantages of Biomass over Hydrogen: Hydrogen production and storage remain
expensive and technologically challenging, whereas biomass can be processed with
existing infrastructure. Biomass can also produce syngas, which contains hydrogen and
can be used as a transitional fuel for hydrogen-based systems [7].

Advantages of Hydrogen Over Biomass: Hydrogen fuel cells have higher efficiency in
direct electricity conversion and produce only water as a byproduct, making them a
cleaner long-term solution. However, hydrogen production using electrolysis still relies
on a significant energy input, making cost reduction a key challenge [6].

VIIl. Deployment and Applications for Emergency Response Organizations

Biomass and waste-to-energy technologies play a crucial role in emergency response
scenarios by providing off-grid, decentralized energy solutions that are particularly useful in
disaster-stricken areas, refugee camps, and humanitarian aid missions. These technologies
can be rapidly deployed to ensure energy security in regions where conventional infrastructure
is compromised or unavailable.

Mobile Energy Solutions for Emergency Response

1 Biogas Digesters: Mobile and small-scale biogas digesters provide a reliable source of
clean cooking fuel and electricity in emergency response situations. These units
process organic waste, human and animal waste, or food scraps to generate methane-
rich biogas, which can be used in generators for power supply [1].

1 Portable Gasification Units: Mobile gasifiers convert agricultural waste, wood chips,
and solid waste into syngas, which can then be used in internal combustion engines or
turbines to generate heat and electricity on demand. These units are particularly
beneficial for field hospitals and emergency shelters [7].

1 Biomass-Powered Microgrids: In disaster-stricken regions where grid infrastructure is
damaged, containerized biomass power plants can act as microgrid energy hubs.
These systems operate on locally sourced biomass, ensuring a stable and continuous
power supply for medical facilities and relief operations [5].

Adaptation from Refugee Camps in Remote Operations

1 Waste-to-Energy for Sanitation and Cooking: Refugee camps generate significant
amounts of organic waste, which can be converted into biogas for cooking, reducing
dependency on imported fuels such as LPG. This improves energy access and sanitation
while reducing firewood collection, which can lead to deforestation [1].

1 Hybrid Biomass-Solar Systems: Biomass generators are often combined with solar
photovoltaic (PV) panels to create hybrid microgrids that provide 24/7 power supply in
humanitarian aid camps. These hybrid solutions reduce reliance on diesel generators,
lowering carbon emissions and operating costs [6].

1 Decentralized Power Generation for Medical Aid: Mobile biomass power units ensure
uninterrupted electricity supply for medical refrigeration, water purification, and
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emergency communication systems, which are critical in field hospitals and first-
response units [4].

Advantages of Biomass Energy in Emergency Response

1 Fuel Independence: Biomass energy can be generated from locally available organic
waste, reducing dependency on fossil fuels and mitigating fuel supply chain disruptions
[7].

1 Rapid Deployment: Mobile gasifiers, digesters, and biomass microgrids can be
transported and set up quickly in crisis situations, ensuring energy access in remote or
disaster-stricken areas [1].

1 Cost Efficiency: Biomass-based energy solutions are more cost-effective than diesel
generators in the long run, as they utilize freely available waste materials instead of
expensive imported fuel [5].

1 Environmental Benefits: Waste-to-energy solutions help reduce landfill waste, lower
methane emissions, and improve waste management in humanitarian settings [1].

Biomass and waste-to-energy systems are increasingly being recognized as a feasible
components of disaster preparedness and emergency response strategies. Their ability to
provide reliable, sustainable, and locally sourced energy makes them a vital solution for
humanitarian missions and off-grid energy security.

IX. Operational Considerations

The successful deployment and operation of biomass and waste-to-energy systems require
careful planning in terms of feedstock management, technical expertise, maintenance, and
adaptability to diverse environments. These factors directly impact system efficiency,
longevity, and overall feasibility.

A primary concern is feedstock variability and availability. Biomass sources such as agricultural
residues, forestry waste, food waste, and municipal solid waste exhibit seasonal fluctuations,
which influence fuel quality and energy yield. Maintaining a consistent supply requires efficient
storage solutions, preprocessing techniques like palletization and torrefaction, and diversified
sourcing strategies [1].

Training and workforce expertise are also essential. While anaerobic digestion systems operate
with minimal supervision, gasification and pyrolysis technologies require skilled operators to
manage temperature control, emissions regulation, and system optimization. Training
programs and Al-driven automation are increasingly being integrated to reduce manual labor
and enhance reliability [7].

Maintenance plays a crucial role in system efficiency. Challenges such as slagging, fouling, and
tar formation can reduce operational effectiveness in gasification and pyrolysis-based systems.
Regular cleaning of heat exchangers, gas filters, and biogas scrubbers is necessary to sustain
efficiency. Predictive maintenance using sensor-based monitoring and Al diagnostics is helping
to identify and prevent mechanical failures before they occur [4].

Adaptability to different environments is another operational challenge. Biomass systems
deployed in rural, off-grid, or disaster-prone areas need to be modular, easily transportable,
and quickly deployable. Containerized gasifiers, mobile biogas digesters, and decentralized
microgrid systems are emerging solutions that enhance resilience in such conditions [6].

To ensure regulatory compliance and long-term sustainability, biomass projects must meet
environmental impact assessments (EIA), air quality regulations, and sustainability
certifications such as FSC (Forest Stewardship Council) and RSB (Roundtable on Sustainable
Biomaterials). These frameworks support responsible biomass sourcing, emissions
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management, and community engagement, which are crucial for public acceptance and project
success [1].

X. Safety and Security Aspects

The safe operation of biomass and waste-to-energy systems requires comprehensive risk
management strategies to address fire hazards, emissions control, equipment integrity, and
cybersecurity vulnerabilities. These factors are critical to ensuring the long-term sustainability
and reliability of biomass-based energy solutions.

Fire and Explosion Prevention: Biomass storage and processing facilities face inherent fire
risks due to the combustibility of organic materials and the accumulation of dust and volatile
gases. Proper fire prevention measures, such as temperature monitoring, ventilation control,
and explosion-proof equipment, are essential to minimize risks. Advanced biomass plants
employ inert gas blanketing and real-time fire suppression systems to reduce potential ignition
sources [1].

Emissions Control and Air Quality Management: Despite being a renewable energy source,
biomass combustion and gasification can release pollutants such as nitrogen oxides (NOXx),
sulfur oxides (SOx), volatile organic compounds (VOCs), and fine particulate matter (PM). To
comply with environmental regulations, modern facilities integrate electrostatic precipitators,
wet scrubbers, and catalytic converters to capture and neutralize harmful emissions. Carbon
capture and storage (CCS) technologies are also being explored to make biomass energy
systems carbon-negative [7].

Equipment Safety and Maintenance: The high-temperature processes involved in gasification,
pyrolysis, and anaerobic digestion demand rigorous equipment monitoring to prevent system
failures. Regular inspection of pressure vessels, heat exchangers, and gas filtration units is
necessary to ensure safe operation. Predictive maintenance using sensor-based Al diagnostics
is becoming a standard practice to detect wear and tear, reducing unexpected shutdowns and
extending equipment lifespan [4].

Cybersecurity in Automated Biomass Plants: The increasing digitalization and automation of
biomass energy facilities introduce cybersecurity risks, particularly in remotely monitored
microgrids and Al-driven biomass systems. Cyber threats targeting energy infrastructure, such
as ransomware attacks, data breaches, and operational disruptions, pose serious risks.
Implementing multi-layered security protocols, encrypted data transmission, and real-time
threat detection systems is essential to safeguarding critical biomass facilities from
cyberattacks [7].

By incorporating advanced fire suppression, emissions control, predictive maintenance, and
cybersecurity protocols, biomass and waste-to-energy plants can operate safely, efficiently,
and in compliance with regulatory frameworks, ensuring long-term sustainability and
reliability.

XIl.  Social Acceptance, ethical aspect

The adoption of biomass and waste-to-energy technologies is closely tied to social acceptance,
ethical sourcing, and economic impacts on local communities. Ensuring responsible biomass
production while minimizing environmental and social concerns is essential for long-term
sustainability.

Ethical Sourcing and Land Use: Biomass production must be managed sustainably to avoid
deforestation, land degradation, and competition with food crops. Certification programs such
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as FSC (Forest Stewardship Council) and RSB (Roundtable on Sustainable Biomaterials) ensure
responsible sourcing, protecting biodiversity and promoting sustainable practices [1].

Public Perception and Acceptance: While biomass is a renewable energy source, concerns
over emissions, land use, and sustainability influence its social acceptance. Transparent
communication, stakeholder engagement, and environmental impact assessments (EIA) are
critical in addressing public concerns and ensuring community involvement [7].

Economic and Social Benefits: Biomass energy projects create local jobs in feedstock
collection, processing, and energy production, particularly in rural and developing regions.
Investments in training programs and infrastructure development support workforce expansion
and economic growth while integrating biomass into a circular economy model that maximizes
resource efficiency and minimizes waste [1].

By emphasizing sustainability, community engagement, and responsible land use, biomass
and waste-to-energy solutions can contribute to economic development and climate resilience
while ensuring long-term public support.
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3.2. Emerging highly promising technologies (EHPETS)

3.2.1.Wave energy converters

Status: Market available / in Research and Development
Energy fOCLIJS of the Generation
component:
Key words: WECs, WEDs
Summary

Wave Energy Converters are mechanisms used in wave energy conversion
technology, to capture wave energy, transmit and transform it into a usable form
such as electricity. There are several types of wave energy conversion devices, whose
ongoing evaluation using different approaches, carefully choosing their stationing is
crucial to achieve optimal results. The potential for Wave power is quite significant

and there is a rapidly growing market for it, despite challenges such as harsh marine
weather and environmental conditions, lack of infrastructure and high
manufacturing costs. WECs don’'t offer much potential for emergency response
operations. They are only suitable in cases where camps are going to be located
near coastal areas where WECs’ infrastructure is/can be developed.

I. Definition, Motivation and Purpose

A Wave Energy Converter is a machine that harnesses wave power. Wave Power is the
transport and capture of energy that is produced during the up and down motion of the
ocean surface wind waves. WECs convert the kinetic and potential energy associated
with a moving ocean wave into useful mechanical or electrical energy. Wave energy is
more predictable, consistent and controllable than other forms of renewable energy.
The earth is 75% water and the largest part of it is oceans. It is estimated that if 2% of
the energy than can be derived from the oceans were to be exploited, the electricity
generated would be able to cover the entire world’s power needs. Apart from electricity
generation the energy retrieved from the waves can also be used for other kinds of useful
work like water desalination or pumping. [1,2]

These present a clear motivation to develop and use the Wave Energy Converters’
technology to produce Wave Energy Devices to explore and utilize the oceans as an
energy resource. [1]

In this direction the next step of developing and evaluating an individual Wave Energy
Device is to successfully choose and deploy a number of them in order to form a Wave
Power Farm or a Wave Energy Park at a certain appointed area, resulting in larger
electricity production. The devices of the farm are supposed to interact hydro
dynamically and electrically, with the goal of achieving high and stable power production
with low cost. [1]

Il.  Functionality and Technical explanation

A Wave Energy Converter (WEC) and a Wave Energy Device (WED) are almost
synonymous. Generally, a WED is a physical structure which mainly receives the
mechanical power from the oceanic wave and drives it in an exact direction. This
promotes electrical generators to produce electricity. Whereas WEC generally means a
converter used in wave energy conversion technology. Irregular mechanical energy
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captured from the wave is first converted into regular mechanical movement. The
movement can be rotational or linear/translational. The rotational motion usually drives
a turbine, which further drives a rotating electrical generator. Whereas the translational
motion drives a linear electrical generator. [3]

‘““The WED is required to materialize the principle of wave energy conversion”. [3]

The wave energy devices and accordingly the wave energy convertors can be categorized
in different types, using as a criterion the method, the location and the take-off system.
The location where a WED can be placed is either the shoreline (On-Shore), near the
shore (Near-Shore), or offshore (Off-Shore). At the shoreline regions the water depth is
10-15m and the wave height can be up to 7-8m, at the nearshore regions the water
depth can be 15-25m and at the offshore sector the water depth is higher than 50m and
the wave height can reach up to 30m.

Different types off a wed’s power take-off include hydraulic ram, elastomeric hose
pump, pump-to-shore, hydroelectric turbine, air turbine and linear electrical generator.
[1,3]

The general algorithm that describes the function of a wave energy device with its power
take-off alternatives can be seenin.

e |

| e .

Ls=
[ |

Figure 12: Different conversion routes (power take-off alternatives) from wave [4]

The WEDs can be classified based on their working method as either oscillating column
(with air turbine), oscillating bodies (with hydroelectric motor, hydraulic turbine, linear
electrical generator) and overtopping devices (with low-head hydraulic turbine).

Subsequently the basic WEC types are: 1) point absorber buoys, 2) surface attenuators,
3) oscillating wave surge converters 4) oscillating water columns, 5) overtopping
devices, 6) submerged pressure differentials, 7) floating in-air converters, and 8)
submerged wave energy converters, with the underlined being the most common. [1,3]
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The basic WEDs are described below:
WED Description

Image
Point Absorber
OA point absorber (PA) i s a floating structure w

movements at/ near t[beolwathears smorvfiancge .pbarts where tt
than the vertical one, which takes advantage of wave action at a single point. One part is almost
motionless, and the other part is mounted near the sea surface. It moves in a perpendicular motio n,
catching the wave energy which drives a I3]lodae @
absorbers can be further c | -bady anfl endlti-b@dyPAS ncocondéng to design geometry,
2)yoating and submerged devices, accor di-Dg anhdanulti-bDa

prototypes, according to the ope[Bafing degree of |
—_ .
Float :I ' Floating buoy
_!;L\&"""’-—'—F—
\

Cables from other
power buoys

!

Under sea
substation

Figure 13: lllustration Point Absorber (PA) [3]

Attenuator
0AnNn att éemtlaating device which operates parallel to the wave direction and effectively rides the
waves. These devices capture energy from the relat
[B]ol't consists of connected sections which include

serially to the consecutive segments of this device one by one. The main tube includes a nose tube, a
mid-tube and an end tube and inside the tubes a power conversion module is placed in between the two
main tubes. The hydraulic cylinder moves with the wave and pumps high pressure oil through the
hydraulic motors. Electricity is generated by an electrical generator, which is driven by the hydraulic

mot or[3]. 6

PCM

Figure 14: Illustration Attenuator [3]

Oscillating Wave Surge Converter

O0An Oscillating wave surge converter extract ene
particles within them. The arm oscillates as a pendulum mounted on a pivoted joint in response to the
movement of waterfb]J]omMheéehdewavesi ® submerged in the

The most common one is pendulum arm flap located at the centre of this device that makes the flap move
as shown in the figure below, when the wave hits it. This movement pumps the water to a hydraulic power
converter to drive a genefdtor to produce electri:
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Hvdroelectric

Figure 15: Illlustration Oscillating Wave Surge Converter [3]

Oscillating Water Column

OAn oscillating water column is a partially subme
and it is close to the sea bottom. It is open to the sea below the water line, enclosing a column of air on
top of a column of water. Waves cause the water column to rise and fall, which in turn compresses and
decompresses the air column. When the water level increases, it creates high air pressure which drives
the turbine. The air pressure inside the chamber under this condition is much greater than the
atmospheric pressure (14,7 psi). When the water falls back to the sea, the air pressure under this
condition is much lower than the atmospheric pressure. For this reason, air enters again into the chamber
from outside, finding no other way. As a result, the air then flows in negative direction driving the turbine
which usually can rotate regardless of the direction of the airflow, in such a way that can produce
electrfi3gjty. 6

Turbine generator

Motion of water

Figure 16: Illustration Oscillating Water Column [3]

Overtopping/Terminator Device
0Overtopping devices, or el se terminator devices,
The water is then returned to the sea passing through a hole, where a conventional low-head turbine
which is connected to a rotating electrical generat or. The turbine produces electrical energy from both
potential energy and kinetic energy because potential energy is continuously converted to kinetic energy
after a few moments. An overtopping device may [3u5]e

/Nea water in

Water reservoir

Low head

Sea water out

Figure 17 : lllustration Overtopping/Terminator Device [3]

Submerged Pressure Differential
0OSubmerged pressure differential devices are typi
The motion of the waves causes the sea level to rise and fall above the device, this makes the float move
up and down overhead the device, creating alternating pressure that either pumps fluid through a system
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or drives a linear generator to produce electricity. The alternating pressure pumps fluid through a system
to generate electricity. The example of this type of wave energy converter is the Archimedes wave swing
which is suitable for generating electricity. 6[3,5]

=

Figure 18: lllustration Submerged Pressure Differential [3]

Rotating Mass
0ln both cases the movement i's att ac Heeide.4tAoRotating neakse
wave power device operates the motion of wave to roll a physical heavy object (mass) that produces
mechanical energy. Two forms of rotation are used to capture this energy by the movement of the device
heaving and swaying in the waves. This motion drives either an eccentric weight or a gyroscope causes
precession. The rotating mass receives mechanical power from the oceanic wave and supplies it to the
electrical generator, as shown in the figure below. ¢3, 5]

Rotating electrical
generator

Floating body (enclosure)
of rotating mass

Figure 19: lllustration Rotating Mass [3]

Bulge Head Energy Converter

0Bul ge wave technology consists of a rubber tube
surface at low pressure, moored to the seabed heading into the waves. The water enters through the stern
and the passing wave causes pressure variationsal ong t he | ength of the tu
bulge travels through the tube it grows, gathering energy which can be used to drive a standard low -head
turbine located at the bow, producing electricity when the water returns to the sea. Bulge wav e energy
converter uses entirely new principles to convert oceanic wave energy into electrical power. This type of
converter is also called Anaconda wave power device, as designed by Checkmate Sea Energy Ltd. It is
used to generate electricity by using abandoned oceanic waves, as shown inthe figure below. ¢3, 5]
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Front end of the tube is elevated by oceanic
Wave

wave, which forms bulge wave inside the tube

With the wave propagation, bulge wave also

propagates inside the tube

Bulge wave is basically a long
(around 183 m) flexible rubber
tube with 61 m wide

Bulge wave
The device is connected to

the seabed

Bulge wave falls on the turbine generator (TG)
that can generate up to IMW of power

Ocean floor

Figure 20: Illustration Bulge Head Energy Converter [3]

Ill. Performance Requirements

There are significant differences concerning the power generation technology principles,
the structural design and the power take off methods of different WECs. In order to
compare their performance, set requirements and meet certain needs, it is important
to evaluate the efficiency and further estimate the competency of various existing WECs.
The Evaluation criteria that will be used during this process need to meet several
requirements to move from the prototype stage to commercial use and to establish their
technological value. Many detailed parameters are relatively scarce because wave power
technology is not fully mature and there are few examples of successful commercial
development. As a result, at this level we will only address the technical aspects of wave
power generation and temporarily disregard the factors involved in the commercial
deployment stage, such as the cost of generating electricity, the cost of transmission
and transformation, and the cost of power system engineering [7].

Considering the actual needs of wave power generation and the complexity of the
working environment involved, five indicators are selected to evaluate effectiveness at
this level. These are: 1) energy capture, 2) technology cost, 3) environmental
friendliness, 4) reliability and 5) adaptability [7].

Energy Capture

Energy conversion efficiency is an important factor in the commercialization of WECs.
As it has already been portrayed above, a WEC generally consists of three parts: an
energy capture mechanism, a transmission mechanism and a power generation
mechanism. Energy conversion efficiency is the measurement of the competence of each
link. Given the diversity of existing PTO systems and the sizes and shapes of different
WECs, the energy capture performance index Hydrodynamic Efficiency (HDE) is used

[7].

Technology Cost

Cost is the most important factor in developing a viable WEC. However, wave energy has
not yet been commercialized in any part of the world, thus the detailed parameters of
manufacturing, installation and operating costs are difficult to obtain. It is preferable
to evaluate technical along with economic performance. Thus, the ratio between the
power absorbed and the power displaced by the converter, has been introduced
following the idea that the manufacturing cost is proportional to the size of the machine.
Therefore, the Technology Cost Economy (TECO) performance index is the ratio of the
Hydrodynamic Efficiency (HDE) and the scale of the WECs (S) [7].

PUBLIC 137



B o Ar OWERBASE

Environmental Friendliness

As a clean energy, the environmental friendliness of wave energy is an important
consideration in the development and utilization of this form of energy. Compared to
traditional fossil fuel form of energy generation, WEC theoretically does not emit any
pollutants but has an impact on the waterways, ecology and fisheries of the occupied
sea area. To evaluate the environmental friendliness, the performance index
Environmental Friendliness (ENFR) is defined as the ratio between the capacity (CAPA)
and the scale of the WECs (S) [7].

Reliability

The reliability of the device’s structure based on its technical principle is of most
importance. In the structural design, more energy conversion links needed during the
converter’s functionality result in more complicated mechanism transmission which
means more parts will be in contact with the seawater. This will increase the probability
of failure and reduce reliability [7].

Adaptability

Waves are unstable and their size, direction and frequency are influenced by the location
of the sea and the environment. The WEC must adapt to the changing wave conditions
and the complexity of the working environment. For example, under large wave
conditions, the adaptability of different WECs is good if their movement covers a
sufficient distance [7].

0To make the performance evaluation results more
to select two typical engineering prototypes or demonstration power plants for each type of

power generation device, and to unify the research cases into projects that have been

conducted in the same ocean area within 10 years. Given the limited research on MDWECs

and the lack of relevant sea trial prototypes, theoretical analysis and model experiment results

from relevant literature are presented to fill this research gap. The specific converter types

and corresponding parameters [dre shown in the tab

Table 44: Overview converter types and corresponding parameters of MDWEC

L__Name | _Category | Location | Data | HDECD Scale(m) Capacity(KW)

AquaBuoy Point Canada 2000 250
Absorber
Wavebob Point Ireland 2007 40 15 1000
Absorber
Pelamis Attenuator UK 2007 15 150 750
DEXA Attenuator Denmark 2011 8 22 160
Biowave Terminator Australia 2008 45 16 250
Oyster Terminator UK 2005 40 18 315
Mutriku OwWC Norway 2011 7 180 300
Pico owcC Portugal 2000 20 48 400
Wave OWEC Denmark 2009 26 300 1200
Dragon
SSG OWEC Norway 2008 23 54 350
Three-DOF MDWEC NA NA 80 10 152
WEC
Six-DOF MDWEC NA NA 54 10 831
WEC
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Figure 21: Comparison of parameters of several converters [7]

According to the preferred objective of the WEC, a comprehensive hierarchical structure
algorithm of performance evaluation is constructed and presented in the figure below.
Using this can help us decide on the type of WEC that will be used.

——v—\':j Energy | Technology cost || Reliability| Environmental Adaptability|
) |capture (Cy)|| economic (Cy) (Cy) | friendliness (Cy) | (Cs) I

Figure 22: Hierarchical structure of comprehensive evaluation WEC performance [7]

There are also other approaches used in several case studies in bibliography_to evaluate
not only a WEC’s but also a site’s competence. This is quite important since the
correlation between geographical characteristics and the implemented technology is
quite strong and there is a significant interaction between them that affects energy
production, which is the desired outcome.

For example, to compare the performance of the WECs and to choose the correct area
to place them, we consider the quantification of the absorbed energy per unit weight

PUBLIC 139



B o Ar OWERBASE

of WEC, the absorbed energy per surface area, and the absorbed energy per power
take-off force measure and compare them at different test sites. These were used to
evaluate WECs in selected regions of high wave energy density in Europe, Africa, Asia,
America and Australia. “Comparison of efficiency through the power absorbed per weight,
surface area or PTO force is a good comparison technique and can also be expanded to
include costs when more technically rel8l.able capt

In another example to assess the performance of a wave energy converter at a given
site, two tasks are considered. These are 1) characterizing the wave resource at the site
in question, and 2) calculating its power output performance using certain WEC. These
tasks are closely related and should be treated as two phases of the same process [9].

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

As already mentioned, a dynamic estimation of the wave energy potential requires the
evaluation of the capability of both the geographic area in producing it as well as the
factors involved in exploring it.

The available wave energy geographically depends on the weather and the wave
conditions such as the wave height and period. In terms of exploitation all these different
WECs that were described above (by analyzing their characteristics and performance),
are used to collect it. All these present a major challenge since it requires a substantial
and quite expensive research and development process, involving numerous
stakeholders globally [8].

Thus, whereas approximately 8,000-80,000 TWh/year of wave energy is available
worldwide, only 1170 TWh/year of energy were being harvested in 2018 [3].

Theoretically the potential wave energy resources in different regions of the world can
be seen in the table below [8].

Table 45: Overview World Regions & Wave Energy Potential

Asia 6200

New Zealand, the Pacific Islands and Australia 5600

South America 4600

North America and Greenland 4000

Africa 3500

Western and Northern Europe 2800

Central America 1500

The Mediterranean Sea and Atlantic 1300
Archipelagos

Total 29,500

Realistically globally significant power contributors are The West Coast, the East Coast,
Gulf of Mexico, Alaska, Hawaii, and Puerto Rico. China also plays a big part in this.
Europe is the leader offering a substantial part of the world’s total produced energy and
is expected to be the largest market for WECs. In Europe the bigger wave energy
producing contributors are the UK, Ireland, and Portugal, smaller ones are France,
Spain, ltaly, Denmark, Greece and Germany [3].
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Global Wave Energy Converter Market Trends
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22-e - 2030-p

’ "‘ C AG R The global wave energy converter market is estimated to grow
g from USD 20 million in 2022 to USD 28 million by 2030; growing

_ 4.3%  atacAGRof43%
Europe is expected to be

the largest market for wave

X B The wave energy converter Contracts & agreements, and
energy _co_nverter,s owing to l] market is expe?tled to witness {I@ investments & expansions
the rapid industrial growth % healthy growth during the review would offer lucrative
gcross epd-use industries period due to rising investments opportunities for market
in countries suoh as the owing to surging demand for players in the next five years.
UK, Portugal, Denmark, cleaner energy.
and France.
N@ COVID-18 has adversely North America is the second-
ﬂﬂﬂn impacted the energy & power, @ fastest growing market for
electronics, and chemical " wave energy converters owing
industries, among others, to the significant investment in
hampering the demand for the R&D of newer technologies
- —0— wave energy converters. for harvesting wave energy. The

presence of large shoreline

gives North America a huge
advantage when it comes to
harvesting wave energy.

Figure 23: Wave Energy Market Overview [11]

On the one hand there is a rising electricity demand from coastal communities which is
the result of the general increase in electricity needs along with the growing population
in coastal areas and the following reduction of available land. In addition, the
International Energy Agency predicts that renewable energy sources will have the fastest
growth rate in the electricity sector [11].

On the other hand there is insufficient infrastructure along with environmental
challenges. The right selection of the site where the WECs must be placed is crucial to
have maximum performance. Apart from the weather and wave conditions as already
mentioned there are other things to consider like port facilities and general
infrastructure that must enable maintenance undertakings and adequate transmission
of power. Building this infrastructure requires additional labor and capital. In addition,
the mooring of the WECs is a key factor in the installation process and can present
multiple difficulties. The price of a wave energy converter can be up to 10 times higher
than other renewable technologies with almost similar performance. Thus, although
there could be a clear rising demand for WECs, there could also be a holdback [11].

As a result:

“Wave energy is a relatively underexplored renewable power generation technology.
Most of the companies that are offering this technology are still working on their pilot projects.

Wave power harnessing is still an emerging technology it is still not fully developed. Due to
its complex nature, no single design of this device has emerged as o p[ill]lmal 6

Generally, WECs are expected to be used mainly for power generation. In the long run

there will be a significant raise in the global power sector’s investment in renewable
energy generation from the WECs.
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By the year 2030 the oscillating water column sector is expected to grow at the fastest
rate. The oscillating body converters technology is expected to continue to hold the
largest share of the wave energy market, due to the high efficiency and ease of
installation of the wave energy converters using this technology in near-shore locations.
The offshore sector is also expected to grow at the fastest rate, as offshore wave energy
converters can harness the most amount of wave energy, as wave energy resources are
strongest in offshore locations [11].

Market Players:

The major players in the global wave energy converter market are: Ocean Power
Technologies (US), Eco Wave Power (Israel), CorPower Ocean (Sweden), Wello Oy
(Finland) and CalWave (US), Carnegie Clean Energy (Australia), SINN Power GmbH
(Germany), AMOG Holdings Pty. Ltd (Australia), NEMOS GmbH (Germany), OceanEnergy
(Ireland), Wave Swell (Australia), INGINE Inc. (Korea), AWS Ocean energy (UK), Limerick
wave Itd (Ireland), Arrecife Energy Systems (Spain), AOE - Accumulated Ocean Energy
Inc (Canada), Hann-Ocean Energy Pte. Ltd. (Singapore) Aquanet Power (UK), Able
Technologies, L.L.C. (US), AW-Energy Oy (Finland), Applied Technologies Company
(Russia), LEANCON Wave Energy (Denmark), SENER group (Spain), Resolute Marine
(US), Bombora Wave (Wales), Marine Power Systems (UK), Exowave (Denmark), Oneka
Technologies (Canada), Mocean Energy (Scotland) Weptos A/S (Denmark), Oscilla
Power (Washington), WITT Energy (England), Wave Dragon ApS (Denmark), Chechkmate
SeaEnerg Ltd., Seabased (Sweden), EHL Azura (New Zealand), Wave Roller (Finland),
Wave Swell (Australia), Ocean Energy (lreland), Mocean Energy (Scotland), Wave for
Power (Sweden) [11,12].

V. Technical Challenges and Prognosis/Primary Use Cases

In the table below you can see some of the companies mentioned above and their
respective cases in terms of their impact in the wave energy sector [12].

Table 46: Overvi ew o flevelopmeptprogress &funding levels for WEC

COMPANY | COUNTRY | FOUNDED CURRENT IMPACT
FUNDING
LEVEL

ECO SWEDEN 2011 $1.866 Having successfully concluded a proof-of-concept of its
WAVE MILLION NET on- or near-shore system in the strait of Gibraltar in
POWER LZS(?;SOR 2022, Eco Wave Power now operates a 100-kW installed

capacity wave farm in Israel (where the company was
founded), and is also planning facilities in the US and
Portugal . I1Its system works
bob up and down with the waves and build up pressure in
an accumulator; this is converted into energy via a motor
and generator.

CARNEGI  AUSTRALI 1987 $583,309 Carnegieds submerged Wanuseal
E A NET for the sector o look like underwater UFOs. The saucers
LOSS DURIN move with the waves, pumping seawater through a pipe
G THE YEAR that, once onshore, drives a turbine that generates
ENDING JULY  electricity. The system, called CETO, had already been
2023 installed off Australia t

naval base; the company has since won
several grants and commissions for further development
and certification.

SEABASE ~ SWEDEN 2001 RAISED A With a string of test projects in Sweden, Finland, Norway,
D TOTAL and Ghana under its belt, Seabased is now under
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the European Union

OF $14.1 contract to build its wave power parks in Barbados,
MILLION Bermuda, Martinique, and Tonga. The parks are made

up of modular units, which consist of a steel buoy; as it
rises and sinks with the waves, this movement is
translated into electricity at its base (known as the point
absorber method).

COR- SWEDEN 2012 RAISED A Apparently inspired by the human heart, an early version
POWER TOTAL of CorPowerds point absor|l
OCEAN OF $40.7 coast of Orkney, Scotland, a sea energy hub, in 2018;

MILLION five years on, a fulkscale model completed three months

of testing near Portugal. Its next big project is deploying
Project Saoirse, a plant off the Irish coast with 5GMW
capacity by 2026, and 30MW two years later.

EHL NEW 2004 UNCLEAR As a wave energy company, Azura is a bit of an odd
AZURA ZEALAND duck; itodos developed join
group and the American Northwest Energy Innovations
(NWEI). Its systemisy et anot her poir
been demoed at sites near Oregon and Hawaii and is
now deemed commer ci &otubiy Vv
bringing potable water (desalinated by its generated
electricity) and the electricity itself to island -based
communities, which donét h
often devastated by storms.

WAVE FINLAND 2002 RAISED A The European Union eyes installing 1 GWworth of ocean
ROLLER TOTAL energy by 2030, and companies like AW-Energy have
OF $28.4 wasted no time getting in on the action; after completing
MILLION an EU-funded three-year project called Wave Farm, it

recently snapped up a contract for a 2MW wave plant
near Portugal. Its product, called Wave Roller, is flat and
wide, standing upright in the surf; as it sways to and fro
with the waves, a system of hydraulics converts the
motion into energy.

WAVE AUSTRALI 2016 RAISED A Wave Swell ds mechani sm doe
SWELL A TOTAL its first deploymentnear Tas mani ads Ki n
OF $18.2 2021, the big floating concrete block & called
MILLION UniWave200 0 reportedly powered nearby homes for at
|l east a year. Unlike most
move with the water; i nsi
bl owhol ed, wherein waves p

generates the electricity.

OCEAN IRELAND 2012 UNCLEAR Il relandds wave energy com

ENERGY been having a hell of a year. In July, its American
subsidiary deployed its massive hew OE35 buoy at a US

Navy test site near Hawaii; more recently, the
multinational European effort WEDUSEA, a demonstrator
for the 1 MW OE35, was given the official go-ahead. The
system is not wunlike Wave
chamber, which spins a turbine, and when the waves

recede, the air is sucked back through the turbine again.

MOCEAN  SCOTLAN 2015 RAISED A While other wave energy companies pursue blowholes
ENERGY D TOTAL and point absorbers, -babede:
I?/IFI % hinged raft: a floating structure consisting of two arms

connected by a center hinge. The motion of the waves
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causes the arms to rotate about the center, generating
electricity. Mocean testing this with its 2021 prototype
Bl ue X; itds since moved ¢
Blue Star and the even larger Blue Horizon, which
promi ses to-sdal kv ehremd@gofed oh
droves offshore.

WAVES 4 SWEDEN 2008 RAISED A Waved4dPower s Wave EL syste
POWER TOTAL absor ber floating (faored anlg te keep it in
OF $6 place), and the process takes place onboard the buoy. It
MILLION : e . .
began producing power at its first site near Norway in
2017. I t 6 s n projectgio the pipelinee r a

including a 3MW plant for PLN Indonesia Power.

As has been clearly mentioned, although the power that can be harnessed from waves
is significant and predictable since the ocean waves follow consistent and forecastable
patterns, the wave energy is under-utilized due to the technical challenges involved
which result in high costs.

The technical challenges involve the extreme ocean weather and harsh environmental
conditions that must be faced, as well as problems with the energy storage, and the
consistency of supply in sufficiently large amounts. For example, the ocean is a harsh
environment for heavy machinery. On one hand the ocean water contains various
contaminants and high levels of salt, which can corrode the most resistant metals and
on the other hand tough weather conditions, are very difficult for wave energy converters
to withstand, since storms can damage or free lighter buoys from their moorings (as
happened to Carnegie). To make them efficient, reliable and durable, manufacturers
must use thick sheets of high-quality metals and coat them with multiple layers of
corrosion-resistant, heavy-duty paints. In addition, wave energy converters must be able
to withstand operating loads under extreme load conditions and during events such as
hurricanes and storms. The high quality manufacturing and coating process not only
makes wave energy converters heavy, it also increases the price of the equipment. This
is compounded by the cost of associated processes such as installation and mooring.
As a result, the price of a wave energy converter can be up to 10 times higher than other
renewable technologies with similar performance [11,12].

Despite all this a report by Ocean Energy Systems, a program of the International Energy
Agency, states that there is a way to wave energy to generate 300GW by 2050 (which
could power about 225 million homes, as reported by Cosmos). As pointed out by the
World Economic Forum, hitting this target would require wave energy efforts to increase
by 33% per year [12].

Although one of the most critical barriers to the development of WEC technology is the
lack of research support to motivate a coordinated effort to advance the technology,
several countries and regions have improved their backing by establishing wave energy
programs, initiatives and centers. Orkney in Scotland is one such centre, and in terms
of legislation, Australia and the EU have led the way in funding wave energy projects
and development programs (such as Europe's duly named Europe Wave). As we have
seen with companies such as Ocean Energy and AW-Energy, this can be the difference
between a technology being deployed or getting stuck [12].
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VI. Logistics/expected logistics

As analyzed above the wave energy convertors are placed together over a selected area
forming a farm or a park. This requires quite a lot of planning and logistics. The logistics
involved include first moving the parts needed to construct the facilities and then
transmitting the power, which requires additional infrastructure such as onshore
substations, underground cables and transmission lines to connect to the grid. As an
installation, wave energy farms are fixed and used in the specific area where they are
placed.

VII. Competing current and future solutions

The point absorber concept is one of the simplest concepts in system design. They are
easy to manufacture, reliable to operate and economical to maintain. The PA concept
is one of the most widely used concepts with intensive R&D activities. More than half of
wave energy R&D activities are based on the PA concept. PAs are suitable for developing
and testing novel ideas, including new modelling methods, novel power take off
mechanisms and creative control strategies. PAs are applicable to a wide range of sea
states at different deployment sites, and the size of PAs can be easily optimised to suit
the wave climate of particular sites. In general, PAs are small and are therefore expected
to be more economical [6]. Apart from a PA, it has already been mentioned that the
oscillating body converter technology holds and is expected to continue to hold the
largest share of the wave energy market due to its high efficiency and ease of installation
in near-shore locations. In general, as far as location is concerned, offshore wave energy
converters are expected to dominate as they can harness the most amount of wave
energy as wave energy resources are strongest in offshore locations [11].

VIIl. Deployment and Applications for Emergency Response Organizations

Wave energy converters are not the most appropriate energy generator system to be
used by emergency services to provide power to camps because their location is fixed
and permanent. Only power plants and cities located near them could benefit directly,
since it is very difficult to transmit ocean wave produced electricity to long distances.
WECs could probably only facilitate emergency response Organizations if camps were
set up next to them.

IX. Operational Considerations

Wave power is an emerging energy technology and although it has been developing since
the 1700s, it still is in the early stages of development. At the moment, the cost of wave
energy is generally very high because it is in the research phase of development and is
generally funded by government grants or research funding. Initial installation of wave
energy devices requires significant capital investment to develop systems that can
withstand the corrosive salt water, powerful waves and adverse weather conditions that
characterise the open ocean. More over ongoing maintenance is costly due to the
relentless wear and tear caused by exposure to the harsh elements of the sea. This
maintenance often requires specialised equipment and skilled personnel, adding to the
cost. Wave energy systems have the potential to be as cheap as 0.075 cents per kWh to
build, but due to installation and maintenance costs, finding a suitable underwater
location for these devices and anchoring them securely can cost two to three times
more. Wave power is also highly dependent on wavelength, wave speed and water
density. WECs require a steady stream of strong waves to generate a significant amount
of wave energy. In some areas, wave behaviour is unreliable and it becomes difficult to
accurately predict wave power. In addition, as mentioned above, the performance of
WECs is significantly reduced in rough weather. As a result, there are no energy
companies using wave energy on a large scale, which would reduce costs. Perhaps the
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biggest drawback at the moment is that no utility has the capacity to install wave farms
because they are not yet large enough to provide a significant amount of electricity. The
industry is expected to grow, but it remains a challenge to implement wave energy
generators on a usable scale [13,14,15,16].

X. Safety and Security Aspects

When designing a WEC, it is crucial to make safety decisions quite early on. All the

planning choices must be made with system safety in mind. Further on, 6 a t h+#ifeugh
safety approach systematically identifies system hazards, assesses and evaluates risks at

each stage of a facilitydés | ife and the | evel a
aut hoflY]t yo

The greatest risk of WECs can be found in their system failure, resulting in their inability

to operate and the potential release of toxic chemicals into the ocean. There is also the

possibility of a human accident while approaching them or even a human sabotage.

Xl.  Social Acceptance, ethical aspects

While the waves can be a promising source for clean and renewable energy generation,
their potential exploitation arise certain concerns (some of them ethical) which can
result in social disapproval.

00One of the main concerns is the impact on marine
can disrupt marine habitats and behaviour in a number of ways, including disturbing marine
mammals. These animals, which are unable to detect the devices by sound, may inadvertently
collide with them or become entangled in mooring cables. In addition, the mere presence of
these structures could lead to changes in the migration patterns and behaviour of marine
species as they seek to avoid interactions. Furthermore, the electromagnetic fields generated
by wave energy devices could disrupt the feeding and orientation of marine species. In
addition, the interaction between waves and the energy devices themselves could lead to
changes in wave characteristics, affecting sediment movement, ocean currents and the
overal/l structure [d5%]. the water columno

Another concern involves the location of the WECs. As already mentioned the wave
energy harvesting power stations need to be close to the coast to perform, and close to
cities and other populated areas to power them directly. But these are places that are
major thoroughfares for cargo ships, cruise ships, recreational vehicles and beachgoers.
All of these parties involved will be disrupted by the installation of a wave energy
harvesting device since besides being a physical obstacle it also destroys the beauty of
the sea and cause noise pollution [14,16].

XIl.  References for Wave-energy converters

1. Wikipedia. Wave power. https://en.wikipedia.org/wiki/Wave_power.2025.

Kimball KJ. Embedded Shoreline Devices and Uses as Power Generation Sources. Oregon State
University, 2003.
https://web.archive.org/web/20060523114110/http://classes.engr.oregonstate.edu/eecs/fall2003
/ecedd1/groups/gl2/White_Papers/Kelly.htm.

3. Farrok O, Koushik A, Dahir TA, Mohamed FM, Rahman KM, Rabiul IM. Electrical Power Generation
from the Oceanic Wave for Sustainable Advancement in Renewable Energy Technologies.
Sustainability 2020; 12: 2178. DOI: 10.3390/su12062178

4. Falnes J, Todalshaug JH. Wave Energy and its Utilization. Slide collection, EU Leonardo pilot project
1860 Alter ECO, 1999.

5. European Marine Energy Centre (EMEC). Wave devices. https://www.emec.org.uk/marine-
energy/wave-devices/.(2025

6. Truong DQ, Ahn KK. Development of a novel point absorber in heave for wave energy conversion.
Renewable Energy 2014; 65: 183-91.

7. Zhang, Zhao Y, Sun W, Li J. Ocean wave energy converters: Technical principle, device realization,
and performance evaluation. Renewable and Sustainable Energy Reviews 2021; 141: 110764.

PUBLIC 146


https://en.wikipedia.org/wiki/Wave_power.2025
https://web.archive.org/web/20060523114110/http:/classes.engr.oregonstate.edu/eecs/fall2003/ece441/groups/g12/White_Papers/Kelly.htm
https://web.archive.org/web/20060523114110/http:/classes.engr.oregonstate.edu/eecs/fall2003/ece441/groups/g12/White_Papers/Kelly.htm
https://www.emec.org.uk/marine-energy/wave-devices/
https://www.emec.org.uk/marine-energy/wave-devices/

the Europe WERBASE
- the European Union F o
-

o

10.

11.

12.

13.

14.

15.

16.

17.

PUBLIC

Aderinto T, Li H. Ocean wave energy converters: Status and challenges. Energies 2018; 11: 1250.
Carballo R, Iglesias G. A methodology to determine the power performance of wave energy converters
at a particular coastal location. Energy Conversion and Management 2012; 61: 8-18.
Titah-Benbouzid H, Benbouzid M. An Up-to-Date Technologies Review and Evaluation of Wave Energy
Converters. International Review of Electrical Engineering-IREE  2015; version 1.
https://hal.science/hal-01153767/.

Markets and Markets. Wave Energy Converter Market. https://www.marketsandmarkets.com/Market-
Reports/wave-energy-market-217091216.html.

Climate Insider. 10 Wave Energy companies you should know in 2025. 2025.
https://climateinsider.com/2024/10/01/wave-energy-companies/#elementor-toc__heading-anchor-
1.

Solar Reviews. Wave Energy Pros and Cons. https://www.solarreviews.com/blog/wave-energy-pros-
and-cons.

Linquip Technews. Wave Energy Advantages and Disadvantages (2023 Update). 2023.
https://www.linquip.com/blog/wave-energy-advantages-disadvantages/.

Earth.org. The Pros and Cons of Wave Energy. 2023. https://earth.org/the-pros-and-cons-of-wave-
energy/.

International Renewable Energy Agency (IRENA). Wave Energy Technology Brief. 2014.
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2014/Wave-Energy_V4_web.pdf.
Okoro U, Kolios A, Lopez P, Cui L, Sheng Q. Wave Energy Converter System Safety Analysis. In:
Proceedings of the 11th European Wave and Tidal Energy Conference (EWTEC), 2015.

147


https://hal.science/hal-01153767/
https://www.marketsandmarkets.com/Market-Reports/wave-energy-market-217091216.html
https://www.marketsandmarkets.com/Market-Reports/wave-energy-market-217091216.html
https://climateinsider.com/2024/10/01/wave-energy-companies/#elementor-toc__heading-anchor-1
https://climateinsider.com/2024/10/01/wave-energy-companies/#elementor-toc__heading-anchor-1
https://www.solarreviews.com/blog/wave-energy-pros-and-cons
https://www.solarreviews.com/blog/wave-energy-pros-and-cons
https://www.linquip.com/blog/wave-energy-advantages-disadvantages/
https://earth.org/the-pros-and-cons-of-wave-energy/
https://earth.org/the-pros-and-cons-of-wave-energy/
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2014/Wave-Energy_V4_web.pdf

[ - @ POWERBASE

3.2.2.Sodium-lon Batteries
. ]

Status: Market available / in Research and Development
Energy focus of the Energy Storage
component:
Key words: NIBs, SIBs, or Na-ion batteries
Summary

Sodium-ion batteries are a type of rechargeable batteries, Wiallely
use sodium ions (Na+) for electrodes and the electrolyte conductor may be aqueous
or non-aqueous. Sodium is abundant in nature and its extraction is less costly and
more environmentally friendly. They are considered to provide a lower-cost
alternative to lithium-ion batteries that is less susceptible to resource and supply
risks. Their use is intended for stationary and mobile energy storage cases, with
more efficient application currently to the former, due to their low energy density
and the consequent large volume required. This shortcoming is addressed by
research & development of start-ups and large battery manufacturers. Thanks to
their relatively low risk of thermal runaway, they are less flammable and safer for
transportation than compatible lithium-ion batteries. They also have a wide range of
operational and storage temperature, what allows them to be a suitable, financially
viable energy storage system in various conditions. For emergency operations and
sheltering purposes, they might be used in combination with a renewable energy
(RE) generation system for energy storage and supply during the non-availability
hours of the RE system. Nevertheless, their large volume required for efficient energy
storage could undermine the necessary flexibility for emergency operations. Further
technology advancements and regulatory adjustments may address the sodium-ion
limitations and make them a suitable easy-transportable, fast-charging, economic,
renewable mobile energy storage solution.

I. Definition, Motivation and Purpose

Sodium-ion batteries are a type of rechargeable batteries, which use sodium ions (Na*)
as their charge carriers instead of lithium ions (Li+) that employ the conventional
lithium batteries. Storing of energy is necessary element for renewable energy use as it
allows flexibility in the implementation of such technology when the resources are not
available. It is an energy storage system based on electrochemical charge/discharge
reactions that occur between the positive and the negative electrode it consists of.

With the rapid development of portable electronic devices and electric vehicles, the
production and demand of lithium-ion batteries has reached an unprecedented scale.
Increased batteries production will inevitably lead to a large consumption of limited
lithium resources and rising prices. This is expected to further increase if batteries are
applied in energy storage market. On the other hand, sodium resources, which have
similar physical and chemical properties, are very abundant and distributed throughout
the world, its extraction is much less environmental invasive and its price is low.

The relative abundance of this mineral in nature and its low cost to acquire it — it can
be found for example in sea salt or in the earth’s crust, places sodium-ion batteries as
the next revolution in renewable energy storage. It is a versatile and economically viable
solution for energy storage which is gaining more and more ground in the 215t century
[1], mainly due to the increasing cost of lithium-ion battery raw materials [2].
Nevertheless, currently, due the poorly established supply chain, the production of
sodium-ion batteries is still more expensive than their more widespread counterparts.
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Production and market request in large volume has the potential to make sodium-ion
batteries and efficient and economical solution for energy storage [1].

Another factor for the raise of research and production of sodium-ion batteries is that
they do not require cobalt, copper or nickel and iron-based material is rather used, that
is found in more abundance and is of lower cost [3]. For this reason, they are less toxic
than other technology batteries, thus considered environmentally sustainable
technology, especially in case of a fire they do not release polluting gases [1]. They are
adaptable to different purposes of use and main advantage is their stability against
temperature extremes which prevent them from overheating [1].

Il.  Functionality and Technical explanation

Sodium-ion batteries are composed of the following elements: a positive electrode or
cathode based on a sodium-based material and a negative electrode or anode, typically
made of hard carbons or intercalation compounds.

During the discharging of the battery, the sodium-ions move from the anode to the
cathode through a liquid electrolyte that separates the electrodes and functions as an
electrical conductor. The latter contains dissociated sodium salts
in polar protic or aprotic solvents [4] or can be made up of aqueous solution (such as
Na»>SOs solution) [5]. The current is produced by this potential difference. When
charging, the sodium ions return to the anode until a predetermined end-of-charge
voltage is reached.

When the battery is discharged, sodium ions move from the anode to the cathode
through an electrolyte - a substance composed of free ions that functions as an electrical
conductor - resulting in the potential difference that produces the current. When the
battery is charged, the sodium ions return to the anode until a predetermined end-of-
charge voltage is reached.

Cathode Anode
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Figure 24: lllustration of various electrode structures in sodium -ion batteries [4]
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Figure 25: Charging principle of Na -ion batteries [5]

There is a number of different materials that may be used as anodes and cathodes of
the Na-ion batteries [7], some of them are still in research/experimental stage:

Table 47: Overview of materials used as anodes and cathodes of the Naion batteries

Anode Hard carbon The most commonly used material for anodes thanks to its
from either excellent combination of capacity, working potentials and cycling
bio-based stability [8]. It consists of non-graphitizable, non-crystalline and

lignin or fossil amorphous carbon. This anode was shown to deliver 300 mAh/g

raw materials  with a sloping potential profile above U0.15 V vs Na/Na* [9]. It
accounts for roughly half of the capacity and a flat potential profile
(a potential plateau) below U0.15 V vs Na/Na*. Such capacities
are comparable to 300-360 mAh/g of graphite anodes in lithium-
ion batteries.

Graphene Graphene Janus particles have been used in experimental sodium-
ion batteries to increase energy density [10]. density reached 337
mAh/g.

Carbon Carbon arsenide (AsCs) mono/bilayer has been explored as an

arsenide anode material due to high specific gravity (794/596 mAh/g), low

expansion (1.2%), and ultra low diffusion barrier (0.16/0.09 eV),
indicating rapid charge/discharge cycle capability, during sodium
intercalation [11]. After sodium adsorption, a carbon arsenide
anode maintains structural stability at 300 K, indicating long cycle
life.

Metal alloys Alloying sodium metal brings the benefits of regulating sodium-
ion transport and shielding the accumulation of electric field at
the tip of sodium dendrites During experimentation [12] alloy
interface of nickel antimony (NiSb) was chemically deposited on
Na metal during discharge. This layer regulated the uniform
electrochemical plating of Na metal, lowering overpotential and
offering dendrite-free plating/stripping of Na metal over 100 h at
a high areal capacity of 10 mAh cm 2 [12].

Metals Many metals and semi-metals (Pb, P, Sn, Ge, etc.) form stable
alloys with sodium at room temperature. Unfortunately, the
formation of such alloys is usually accompanied by a large volume
change, which in turn results in the pulverization (crumbling) of
the material after a few cycles [13].

Experimentation was conducted [14] with sodium and metallic
tin NaisSna/Na This anode could operate at a high temperature of
90 °C (194 °F) in a carbonate solvent at 1 mA cm 2 with 1 mA h
cm 2 loading, and the full cell exhibited a stable charge-discharge
cycling for 100 cycles at a current density of 2C. However, the
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severe stress-strain experienced on the material in the course of
repeated storage cycles limits cycling stability, especially in large-
format cells.

Cathodes Prussian blue  The use of Prussian blue and various Prussian blue analogues
and (PBA) is investigated [17]. PBA is a group of compounds (iron
analogues cyanides), made by reacting iron salts with 99icompounds.

(consisting of  Prussian white is one of its compounds use also for Na-ion
sodium, iron, batteries anodes due to its high theoretical capacity of 170 mAh
carbon and g 1.0thers are iron hexacyanoferrate (FeHCF) and copper
nitrogen) hexacyanoferrate (CuHCF) with with high specific capacities and
good cycling stability. The rhombohedral structure of Prussian
Blue has been also proved highly advantageous for its efficacy.

The use of Prussian blue analogues as cathode materials in
sodium ion batteries has several advantages, including their low
cost, high stability, and high specific capacity. However, these
materials also have some limitations, including their relatively low
energy density and their tendency to undergo structural changes
during cycling, which can lead to a loss of capacity over time.
Ongoing research is focused on addressing these limitations and
improving the performance of Prussian blue analogues and other
cathode materials for use in sodium ion batteries.

Oxides Many layered transition metal oxides can reversibly intercalate
sodium ions upon reduction. For example, a P2-type
Naz/3Fe1/2Mni1/202 oxide from earth-abundant Fe and Mn
resources can reversibly store 190 mAh/g at average discharge
voltage of 2.75 V vsNa/Na* utilising the Fe3*/4* redox
couple [15].

The fact that low-cost iron and manganese oxides can be used for
Na-ion batteries makes their production more cost efficient than
lithium-ion batteries that require the use of more expensive cobalt
and nickel oxides. Nevertheless, the larger size of Na-ion batteries
is their slower intercalation compared to Li* ion and the presence
of multiple intercalation stages with different voltages and kinetic
rates [16].

Oxoaonions Research is being conducted using oxoanions as cathodes, what
offers lower tap density and energy density but longer cycle life
and safety, with increased cell voltage [18]. Examples of such
oxoanions are sodium vanadium phosphate and fluorophosphate,
as well as sodium manganese silicate.

Electrolytes Aqueous Electrolytes containing water make batteries of lower voltages and
limited energy densities, due to the limited electrochemical
window of the water.

Non-Aqueous Non-aqueous carbonate ester (e.g. ethylene carbonate, dimethyl
carbonate) polar aprotic solvents extend the voltage range, while
additives may be used to improve performance. Main drawback of
these carbonate-based electrolytes is that they are flammable,
which poses safety concerns in large-scale applications. Research
is made on the use of alternative salts (e.g NaTFSI (TFSI =
bis(trifluoromethane)sulfonimide). A type of glyme-based
electrolyte, with sodium tetrafluoroborate as the salt is
demonstrated to be non-flammable [19].

The preferred anode material for this type of batteries is currently the disordered
carbon, due to the fact that the sodium cannot be intercalated in the graphite [22].
Disordered carbons are generally obtained from abundant and cheap precursors, which
mainly come from biomass wastes, and can be classified into hard carbons and soft
carbons (depending on their mechanical resistance), with hard carbon being the most
commonly used.
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With regards to the cathode materials, three families of materials are mostly studied:
transition metal oxides (coming from earth abundant materials such as Fe, Mn, P, C,N
and 0), polyanionic compounds such oxoanions and Prussian blue analogues. Each
family used has its advantages and disadvantages (in terms of electrochemical
performance, sustainability, cost, etc.) [22].

Ill. Performance Requirements

A comparison of Sodium-ion batteries against the widely used Lithium-ion batteries
reveals several advantages over the former ones (lower cost, better safety
characteristics), while some disadvantages cannot be overlooked, mainly the lower
energy density and efficiency, what requires batteries of bigger size). Technology is

working to address the latter.

Table 48: Comparison of Sodium-ion batteries vs Lithium -ion batteries [1, 20]

Characteristic Sodium-ion battery Lithium-ion battery

Energy density

Cyclability

Voltage
Efficiency
Safety

Flammability
Cost
Size

Temperature range

Cycling stability

Charging/discharging time

Cycles at 809% depth of
discharge

Raw Material

Recyclability

~ 150

~ 4000

~ 3.7

Lower

Low risk for aqueous batteries,
high risk for Na in carbon
batteries

Non-flammable

Less costly and less volatile
Bulky
-20°C to 60°C

Good performance at low
temperature

High (negligible self-discharge)

Fast. Allows 100% discharge.

Hundreds to thousands

Abundant, No need for critical
material

Moderate

~250

~ 2000

~4

Higher

High risk

Flammable

More expensive and more
volatile

Light

Acceptable: -20°C to 60°C

Optimal: 15°C to 35°C

High (negligible self-
discharge)

Longer time

3500

Scarce and toxic

Difficult

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

Research on Sodium-ion batteries was launched at the end of 2000 decade, as an
alternative to Lithium-ion batteries, for which lithium supply was expected to be reduced
along the years with consequent significant price increase.

In 2010 the Na-ion technology was identified as priority for the energy storage sector
by both the European Commission and the Department of Energy of the USA [6]. Its
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primary use was identified for the grid electricity storage applications, while main
research objective was to achieve a “lower cost of stored energy (LCOSE)” over the
lifetime of the system <$0.1/kWh [6]. Research was launched globally for non-lithium-
ion batteries.

In 2008, Aquion Energy, a spinoff of the Carnegie Mellon University, was found. The
company launched its first product in 2011, a battery stack of 1.5kWh storage. It is
expected to last many charge/discharge cycles, to have comparative cost to lead-acide
and that it cannot overheat. In 2014, some units of commercial shipments of batteries
were made. In 2015 it announced they would supply batteries for a Hawaii microgrid to
serve as backup for a 176-kilowatt solar panel array that would store 1,000 kilowatt-
hours of electricity. In March 2017 went bankrupt due to inability of getting more
funding.

Faradion Limited was founded in 2011 and is a subsidiary of India's Reliance Industries.
It is concentrated in bringing to market sodium-ion technology and has achieved 21
patent families covering Na-ion technology. Its batteries are composed by oxide
cathodes, hard carbone anodes and a liquid electrolyte. Faradion claims that Na-ion
batteries are ideas for stationary storage applications, over a wide temperature range,
thanks to their high energy density, their cost efficiency and safety in operation [24].
The company is currently working on a Research and Development UK program
(Innovate — “Low Cost Storage of Renewable Energy”) to demonstrate that Na-ion
technology can be used for solar energy storage. The sodium-ion cells developed, as
can be fully shorted (at zero volts) are transportable and thus can be transferred and
utilised in remote locations and applications, where transportation of batteries is
restricted or hazardous, for example air transportation. Nevertheless, no commercial
products have been yet available.

Table 49: Faradion Na-ion batteries characteristics [24]

Characteristics Figures

Available voltage range 0 - 4.3 Volts The capability to be cycled to and stored at zero volts leads
to safer cells and cheaper costs.

Energy density (+) Production scale cells deliver a rated (at 4.2 V) specific energy of up to
160 Wh/kg in 32 Ah pouch cells. This high density (80Wh/kg) make
possible for an e-bike to travel around 35km [23]. Next-generation design
will deliver a rated specific energy more than 190 Wh/kg - this has been
verified in prototype pouch cells and it is we currently scaling up to 32
Ah production-scale pouch cells.

Power (rate) capability = Sodium-ion cells can be cycled under conditions suitable for energy
storage and mobile applications. An example of the cycling rates is a
range of 2C (0.5 hour) to C/10 (10 hours). As another attractive feature,
sodium-ion cells are inherently capable of fast charging (sub-20 min
charge) —

Cycle life () Faradion’s 160 Wh/kg-rated Na-ion cells can deliver cycle lives in excess
of 4,000 cycles to 80 9% capacity retention in prototype pouch cells,
whilst the corresponding 32 Ah cells are currently cycling and forecast
to deliver cycle lives between 2,300 - 3,000 cycles at 78 9% DOD. The
140 Wh/kg-rated 32 Ah pouch cells are currently (by November 2022)
cycling to >84 9% capacity retention after 2,700 cycles at 75 % DOD and
are on track to deliver 3,700 cycles to 80 % capacity retention.

Energy efficiency The (round trip) energy efficiency of sodium-ion batteries is 92% at a
discharge time of 5 hours. Sodium-ion has been identified as only one of
the battery technologies that could meet the energy efficiency targets of
> 909 for stationary battery systems in 2030.

Temperature range Performance and excellent capacity at -20°C - +60°C
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TIAMAT French spin-off was launched after a H2020 EU-project called NAIADES in 2017
[25]. Its technology focuses on the development of 18650-format
NasV2(PO4)2F3 ) cylindrical cells based on polyanionic materials for cathode.

The first commercial product of the company was released by October 2023 and was an
electric wire-less screw-driver [26].

Table 50: TIAMAT Na-ion batteries characteristics [22]

Energy density (-) between 100 Wh/kg to 120 Wh/kg. The technology targets applications
in the fast charge and discharge markets.

Power density between 2 and 5 kW/kg, allowing for a 5 min charging time.

Cycle life (+) Lifetime is 5000+ cycles to 80% of capacity.

A startup from Singapore, SgNaPlus is developing and commercialising the
Nas3V2(PO4)2F3 cathode material, used by TIAMAT. It shows very good cycling stability,
utilising the non-flammable glyme-based electrolyte, which has been patented [27].

Natron Energy, is a spin-off from Stanford University which uses Prussian Blue
analogues for both cathode and anode with an aqueous electrolyte. This configuration
provides lower energy densities than those obtained with an organic electrolyte, but, on
the other hand, allows power density values of 775 W/kg (or 1550 W/L) to be achieved
at a current intensity of 12C reaching 25,000 cycles.

In 2020, Natron Energy's sodium-ion battery was the first to meet the UL 1973 safety
standards for energy storage systems, making it possible to deploy it commercially
(BluePack™ Critical PowerBattery, BlueRack™ 250 battery Cabinet, BlueTray™ 4000)
in data centers, forklift and EV fast-charging markets. In 2024, production began
in Holland, Michigan. Currently, Natron products are promoted for defense and military
applications, as they are non-flammable, operate in a wide range of temperatures
Operating range: 0-45°C; transportation range: -20°C - 45°C, nominal range: 10°C -
20°C), and they offer a high level of performance and safety [28]. Moreover, they offer
very fast charge/discharge capabilities, making the Na-ion batteries uniquely positioned
to function in a peak load shaving system for applications of industrial, manufacturing,
heat treatment, etc purposes. Natron’s sodium-ion batteries help EV fast chargers
maintain an uninterrupted power supply regardless of grid status.
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Figure 26: Natron Energy Na-ion batteries performance characteristics [25]

HiNa Battery Technology Co. Ltd is, a spin-off from the Chinese Academy of
Sciences (CAS) founded in 2017. HiNa's batteries are based on Na-Fe-Mn-Cu based
oxide cathodes and anthracite-based carbon anode.

Sodium-ion battery products of HiNa are mainly developed based on O3 phase multi-
component composite sodium layered cathode materials and soft carbon anode material
systems. The raw material resources are abundant and widely distributed, low cost, and
environmentally friendly. The products have unique advantages such as high energy
conversion efficiency, long cycle life, good stability, low maintenance cost, and good
safety. They are mainly used in large-scale energy storage systems (ESS), mobile
charging piles, low-speed electric vehicles and other new energy fields, such as
Residential ESS, Communication Base Station, Power Generation ESS, Grid-Side ESS.
In 2019, it was reported that HiNa installed a 100 kWh sodium-ion battery energy
storage system in East China.

In 2022, the first GWh-class sodium-ion battery production line was launched by HiNa,
marking the production line’s ability to produce Na-ion batteries on a large scale, what
will allow the industrialization of the innovative batteries.

In 2023, HiNa partnered with JAC as the first company to put a sodium-ion battery in
an electric car, the Sehol E10X. The car has a 23.2 kWh battery pack with a CLTC range
of 230 kilometres [29].
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Table 51: HNa Na-ion batteries performance characteristics [30]

Characteristics

Rated capacity 3.5Ah, 12Ah, 80Ah, 240Ah
Energy density 125Wh/kg, 140Wh/kg, 145Wh/kg, 155Wh/kg
* The company plans to further increase it to 180-200Wh/kg [32]
Average voltage 3.1V
Cycle life 2000-3000cls, 2000-3000cls, 2000-3000cls, 2000-6000cls

* The company plans to further increase them to 8000-10000 cycles [32]

Operating temperature  -40°C - +55°C

Storage temperature -30°C-+60°C

Rate performance 95%@2¢c-97%@3C

Low temperature 75%@-40°C - 80% @-40°C

performance

Safety performance Meets the national standard GB/T31485-2015.

Storage performance After 28 days of storage at room temperature, the charge retention rate

is 949 of the rated capacity, and the charge recovery rate is = 99% of
the rated capacity

In 2021, Chinese power battery giant CATL unveiled its first-generation sodium-ion
battery with energy density of 160Wh/kg, marking a new innovation in the industry
[31]. CATL said that overall, the energy density of this battery is slightly lower than that
of the current lithium-ion batteries, it has, though, significant advantages in low-
temperature performance and fast charging, especially in high-power application
scenarios in alpine regions. It can charge up to 809% of power in 15 minutes at room
temperature and still have more than 909% discharge retention at a low temperature of
-20°C, and it can also reach more than 80% in terms of system integration efficiency.

In 2024, Chinese automotive company BYD started the construction of a sodium-ion
battery facility in China which aims to an annual capacity of 30GWh. The batteries
produced at the facility will be used for electric vehicles (EVs), particularly micro
vehicles and scooters [33]. The facility is part of BYD plans to diversify its energy
storage solutions with more cost effective and environmentally sustainable options.

Automotive industry has also shown interest in Sodium-ion batteries. Natron’s sodium-
ion batteries help EV fast chargers maintain an uninterrupted power supply regardless
of grid status.

V. Technical Challenges and Prognosis/Primary Use Cases

Sodium-ion batteries are an emerging technology on which research is being conducted
not only by university spin-offs but also by battery giants, primary due to their raw
material low cost and the gradual shortage of lithium-ion batteries material in nature,
consequent price increases and supply bottlenecks. Instead, the materials used for
sodium-ion batteries are abundant and less pricy, with a lower environmental impact
for extraction, offer quick charging capabilities and good performance in extreme
temperatures [31].

Sodium-ion batteries offer a low-cost, versatile option due to the widespread availability
of sodium. They provide reliable energy with quick charging capabilities, resilience to
extreme temperatures, and a lower environmental impact, as they avoid the use of
lithium, cobalt, and nickel. This makes them safer and more sustainable than many
other battery technologies.

On the other hand, they have been proved to have lower energy density compared to
other technology batteries, what allows them to store less energy per unit weight.

PUBLIC 156


https://www.catl.com/en/

. POWERBASE

Consequently, this means that batteries of larger size are required for the same
capacity, thus more material is used for its production. Their relatively bigger size and
cost advantage makes them, though, an attractive choice for applications that prioritize
affordability and can be particularly advantageous in uses where batteries are
stationary, such as energy storage systems. Chevron, for example, has started using
sodium batteries at electric car charging sites where multiple vehicles can be connected.
In times of high demand, sodium-ion batteries can provide consistently power to the
charging station without over-charging the energy grid [34]. It is forecasted that 709 of
the sodium-ion batteries will be used for energy storage to support electrical grids, while
a potential for home energy storage is also seen [37].

Although sodium-ion batteries were first studied in the 1980s, it wasn’t until the 215t
century that more thorough study and commercialization was performed. Over the last
20 years, more than 50 % of the patented research activity in the field of sodium-ion
batteries has taken place in China (53 %), followed by Japan (16 %) and the US (13 %),
while Europe is starting last to make progress in this field [1]. The companies that are
currently playing the most important role in this technology are the Chinese battery
companies CATL or HiNa, while other companies of the sector, e.g. BYD, expand their
activity to develop and manufacture high performance sodium-ion batteries.

VI. Logistics/expected logistics

Sodium-ion batteries, thanks to their relatively low risk of thermal runaway, as sodium
is less reactive with air and moisture, pose smaller safety risks for transportation,
compared to traditional lithium-ion batteries. Manufacturers claim that sodium-ion
batteries can be safely transported at 0% state of charge, while lithium-ion require 30%
of charging.

In 2024 sodium-ion batteries have obtained UN numbers!® (batteries, batteries
contained in equipment, vehicle sodium-ion batteries powered), allowing them to be
included in the regulations for transportation of dangerous goods, what signals the
growing interest in their application. It is stated [34] that, when massively produced,
from a transport perspective, it is expected that their movement will be easier and safer
than that of lithium-ion batteries. Currently, sodium-ion batteries being a relatively new
technology, follow largely the current shipping regulations similar to those of lithium-
ion batteries. Nevertheless, as the technology becomes more widely adopted and its
characteristics are better understood, standards and classifications are still developing
and it is expected less stringent regulations to be applied. This will allow flexibility and
significant lower transportation costs.

Thanks to their wide range of storage temperature, no special storage requirements are
needed.

VIl. Competing current and future solutions

The main alternative to sodium-ion batteries are conventional lithium-ion batteries,
which operate with the same mechanism (anode/cathode/electrolyte) of sodium-ion
batteries. They require lithium, cobalt and nickel, which are running short in nature and
their extraction and elaboration is less environmentally friendly. Sodium-ion batteries
compete as well lead-acid batteries, which function by converting chemical energy into
electrical energy. Today, there are three distinct types of lead acid batteries flooded

16 UN number (United Nations number) is a four-digit number that identifies hazardous materials,
and articles (such as explosives, flammable liquids, oxidizers, toxic liquids, etc.) and is assigned by
the United Nations Committee of Experts on the Transport of Dangerous Goods.
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acid, gelled acid, and Advanced AGM (Absorbed Glass Mat). Industry does not consider
sodium-ion and lithium-ion as competing technologies but rather complementary,
especially for applications in electric vehicles, mainly due to the low energy density, and
thus, range of Na-ion batteries.

Emerging technologies in mobile energy storage are solid-state and semi-solid-state
batteries which make use of a solid or half solid / half liquid electrolyte to conduct ions
between electrodes. Although they are smaller in size, more stable and safer, achieving
higher energy density, their primary material of the electrodes is still lithium, while all-
solid-state batteries face significant challenges in production with consequent cost
increase. Redox-flow batteries consist of another energy storage system, most
appropriate for large scale applications technology. They are a promising multi-hour
storage technology, as they use low-cost chemicals in an easily recyclable format.
However, they suffer from low efficiency at low power output, and require periodic
maintenance downtime to remove metal from the anode [35].

VIII. Deployment and Applications for Emergency Response Organizations

Sodium-ion batteries could be used in camps deployed during emergencies as a
stationary energy storage solution. Batteries can store energy generated by renewable
energy power generation systems for its use during the time that they are unavailable,
providing a stable and safe solution. Being safer than lithium-ion batteries for
transportation, it is expected that they can soon travel with less restrictions, what makes
their transportation more flexible and less costly. On the other hand, due to their rather
low energy density, they need to be quite bulky to be efficient. For this reason, they are
considered more appropriate for Emergency Shelters rather than Base of Operations
that may require quick deployment and dismantling by first responder teams in short
time and different conditions.

They also have a wide range of operational and storage temperature, what allows its use
and warehouse storage by multiple organizations and in different circumstances. They
are particularly advantageous in very low temperatures, compared to other types of
batteries, as they are reported to retain over 929% capacity even in freezing conditions
of -20°C [29].

Thanks to their fast charging capabilities and high energy storage potential, they can
be also used for charging of electric vehicles of emergency response organizations when
recharging stations connected to the grid are not available within a reasonable distance.

IX. Operational Considerations

There is no particular reference to the operation of sodium-ion battery systems, as it
doesn’t seem to be different or more complex for the end-user than that of the lithium-
ion batteries.

X.  Safety and Security Aspects

Sodium-ion batteries, thanks to their more stable chemical materials and the lower risk
of thermal runaway the exhibit, are considered of higher safety for use than lithium-ion
batteries. Hence, their use in more vulnerable environments (e.g. close to forest areas)
and in different climatic conditions (extreme temperatures) is feasible and safe enough
under considerations.

Sodium-ion batteries, being relatively new on the commercial scene, face lack of an

established industrial supply chain and thus mass application is still weak.
Nevertheless, according to BloombergNEF, by 2030, sodium-ion batteries could
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capture that 239, of the stationary storage market, which would translate into more
than 50 GWh [1]. This estimation could be exceeded, if technology accelerates
addressing sodium-ion limitations and if production and supply increase. By 2030 it is
expected that the demand will be for 7.6 terawatt hours, while the production won’t
exceed 6.4 terawatt hours [37]. On the other hand, automotive industry is not expected
to heavily invest in Na-ion batteries, due to their low energy density which cannot be
easily overcome, and it is expected that only the 189 of the production will be used in
electric cars and 12% in small transport vehicles [37].

Xl.  Social Acceptance, ethical aspect

Sodium-ion batteries are a promising power storage / supply system that the recent
years has been warmly welcomed by batteries manufacturers and industrial end-users,
primarily due to the low cost of their raw material, as well as the more environmental -
friendly extraction of sodium, which can be found in abundance in nature. On the other
hand, they face the same economic and environmental challenges with lithium-ion
batteries in their recycling. In particular the law-value material of Na-ion batteries
doesn’t make economically attractive their recycling process. Should pre-emptive
strategies to facilitate recycling be made during the early commercialization stage
would ensure that Na-ion batteries are designed for ease of recycling, low operation
costs and optimum efficiency [37].

Geopolitics are involved in the production of sodium-ion batteries. Currently China is
the world’s lead producer of lithium-ion batteries, with Chinese companies holding more
than 509 of the market share. Subsequently, large Chinese companies have also
invested in sodium-ion batteries the past recent years. Accounting for the fact that USA
is the main world supplier of sodium carbonate and that it wishes to become more and
more energy independent from China, it is expected that this could impact the future of
sodium as a battery chemistry and the expansion of the technology.
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3.2.3.Metal Hydrides of Hydrogen Storage

Status: Research and Development

Energy focus of the Energy Storage

component:

Key words: Hz2, MeH, Metal Hydrid, Energy Storage, Hydrogen Storage
Summary

Metal Hydrides are one of the prospect Hydrogen storage approaches utilizing the
chemical bonding of hydrogen gas with metals and metalloids to create a stable
storage medium, which can release Hydrogen when required. This technology
aspires to solve a key problem in Hydrogen as an energy coin, the problem of
effective and efficient storage. As a stable and more secure medium of storage than

conventional cryogenic or pressurized gas storage, metal hydrides pose as a
promising approach, providing a solid and stable reversible hydrogen reservoir. On
their way to a broad market adoption, some evident obstacles need to be overcome,
such as weight per volume of storage, cost of materials, heat management and
eventually, actual amount of storage medium required to store sufficient Hydrogen
to fuel efficient energy production.

I. Definition, Motivation and Purpose

Metal hydrides are compounds of one or more metal cations (M*) and one or more
hydride anions (H ). The presence of hydrogen in a solid medium, which is conducted
by a reversible reaction, is immediately attracting attention for hydrogen storage. The
concept, as such, is formed by a theoretical solid medium which can chemically bind
sufficient amounts of Hydrogen in relatively mild conditions and then release it
reversibly, thus Metal Hydrides are studied as a storage material.

To force the chemical binding of Hydrogen to the metal, higher pressures and elevated
temperatures much be reached in order to facilitate the formulation of a metal hydride
that is, then, stable. Nevertheless, said conditions are much milder than the currently
required for bulk Hydrogen storage in gas/liquid tanks, thus making Metal Hydrides an
attractive alternative as storage media [1].

Not all Metal Hydride compounds are solid, and among the solids not all of the resulting
hydrides are suitable for Hydrogen storage. The desirable properties for Hydrogen
storage stem from the problems of the conventional pressurized gas or cryogenic liquid
H> storage: exceedingly high pressures and/or very low temperatures. Hydrogen in
“conventional storage” requires temperatures below -252.8°C for cryogenic storage and
pressures between 350-700 bar (5,000 - 10,000 psi) in order to effectively and
efficiently pack enough Hydrogen into the storage containers [2] which is energy-
consuming and precarious for stationary applications and equally dangerous for mobile
applications. This, coupled with the low energy density per volume of stored elemental
hydrogen, pave the way for an alternative that is safer and more energy dense to
compete and improve the hydrogen ecosystem.

The function of Metal Hydrides as storage media constitutes the “solid-state” hydrogen
storage approach, which employs the reversible absorption of hydrogen in these
arrangements of metal, to provide a stable alternative for hydrogen storage to bulk
storage. The storage medium is a tank packed with metal that holds chemically bound
hydrogen as a hydride, and can regenerate it when required. Some examples of such
metal hydrides are LaNisHg, MgH»>, and NaAlHs. As the pressure is reduced or the
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temperature is increased (between 120 °C and 200 °C), hydrogen is released, enabling
this hydrogen battery to function. In order to recharge the tank with hydrogen, no need
for high pressure or extreme conditions is required, but rather a hydrogen stream and
the heat that was released during hydrogen release [3].

Hydrogen storage and its progress are a critical step in the overall Hydrogen economy,
which may encompass not just the chemical uses of Hydrogen, but its use as a universal,
renewable “green” energy coin. In this direction, Metal Hydride solid state hydrogen
storage is another field in which strides can have huge global benefits.
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Figure 27 : Hydrogen energy ecosystem with emphasis on storage [1]
Il.  Functionality and Technical explanation

To substitute large gas tanks or cylinders, metal hydrides utilise the chemosorption of
hydrogen gas onto metal substrates under specific temperature and pressure conditions
to create chemically stable meshes, which can reversibly re-release the absorbed
hydrogen when required. Metal Hydride storage uses an array of metal meshes in several
configurations, such as cylinders or blocks, which are porous and allow for hydrogen to
chemically bind onto a metal substrate, creating a compound with Metal and Hydrogen
ions bound together.

hydrogen gas

ABSORPTION

?

metal hydride
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Figure 28: Hydrogen absorption and desorption [1]

The key behind metal hydrides as a hydrogen source, hence an energy source, is this
reversible hydrogen absorption process using heat and pressure as the regulating
factors. Hydrogen is a small molecule that can be absorbed in the metal configuration
and then chemically bind to it. This process yields a stable product in proper conditions,
releasing heat. When that heat is introduced back into the system (raising the
temperature), Hydrogen is released from the metal mesh and back into the circulation.

Having grasped this reversible Hydrogen concept, the practical design of the tanks
addressed the multiple factors that will affect the performance of such solid tanks.
Hydrogen needs to flow onto maximum metal surface, in the appropriate temperature,
to chemically bind, so the design of the tanks lead to packed, porous metal meshes
allowing hydrogen to flow through, in and out, while temperature regulation is applied
through heat exchange in multiple configurations. Improvements then concern the types
of metals or metal alloys used, potential packing material to optimize weight or active
metal distribution, different geometries both for the mesh as well as the heat exchange
liquid and more.

Reference Adding Adding Combined
tank aluminum foam internal tubes design
Ha» H: H: Hs

AR

.

Figure 29: Design solutions to increase the heat transfer [4]
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Figure 30: Solid state storage tank, with external heat transfer design [5]

Naturally, in optimizing the performance of the storage module, multiple materials
(stages) of several metal hydrides, acting in conjunction, have shown better
performance, such as the complex example below of an auxiliary power unit using hybrid
metal hydrides, coupled with Fuel Cells directly, to create an integrated power unit.

I'emperature sensor \

Heating/cooling inlet
Heating/cooling jacket

Metal hydnde

Complex hydride

(a) (b)

(c)

Figure 31: a) Scheme of single vessel implementing the double storage materials concept (combi -tank);
b) assembly of twelve vessels in parallel to form the complete storage system; c) overall dimensions of the
system [6]

Several Metal Hydrides exist, depending on the nature of the bonding and the pairing
element bonding with hydrogen. While all these hydrides are a chemical form of
Hydrogen storage, not all of them would be usable as a hydrogen storage medium, for
multiple reasons such as irreversibility of hydrogen binding or incompatibility with
expected uses, such as onboard storage or large, stationary storage. The types
mentioned here are perhaps worth considering in other applications or upcoming
applications, so a survey of Metal Hydrides is presented below, starting with simple
Elemental Metal Hydrides [7].
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Table 52: Metal Hydrides Overview

lonic Metals like alkali or alkaline earths react with hydrogen to form a Hydride which
is a powder, with crystalline form and which reacts readily with water to produce

a base and water. This reaction is not reversible

Metallic This category of metal hydrides employs the transition metals, lanthanides and
actinides and typically form a black powder.
Covalent Metal hydrides in this category are typically covalent compounds with low melting

points and can exist in the gas, liquid, or solid state at standard conditions.
Metal hydrides that contain B (Borium) and Al (Aluminium) fall in this category.
Diborane (B2He) is a colorless gas at room temperature with a repulsive and sweet
odor. Diborane mixes with air to form an explosive mixture and will ignite
spontaneously in moist air at room temperature. Diborane also reacts with water
and forms boric acid and hydrogen.

The hydride of Al is an AIH 3 polymer named alane. It is a colorless pyrophoric
solid which forms numerous polymorphs, such as a-alane, a0O-alane, b-alane, d-
alane and more, which have different structures and thus different properties as
materials

The number of metal elements capable of forming metal hydrides is limited, and their
respective hydrides are well understood. Expanding the potential hydrogen hosts, Metal
hydrides derived from alloys have greater flexibility in composition and structure, and
can accommodate requirements from a wide range of applications. Multiple
combinations of alloys can be assessed for storage use, such as binary alloys, the
simplest combination, consisting of two metallic elements, intermetallic compounds
(IMC) (using Lanthanum and Nickel) and more, such as reactive metals (Mg, alkali) to
expand the potential constituents of a storage tank.

Ill. Performance, Requirements and Needs

As previously mentioned, most Metal Hydride storage configurations require
temperatures close to 120 °C and 200 °C to recharge at slightly elevated pressures.
This process has variable time durations required based on the system parameters, with
reports ranging from a few hours [8] down to 30 minutes [9]. Due to the chemical
reactivity of some substrate metals, as well as the consequent hydride, with many
contaminants and more importantly water (humidity) the hydrogen used for recharging
as well as the overall system conditions need to be prudent regarding humidity
management and reagents used [1].

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

The overall Hydrogen storage market is intricately connected to hydrogen demand as a
whole, globally, and this demand naturally encompasses much more than hydrogen as
an energy source. According to a report by the Introspective Market Research, the
increasing demands from the ammonia and methanol industries, along with the slow
increase in hydrogen use as an energy source, means that hydrogen storage is a growing
market, starting from an estimated USD 1.45 billion in 2023, is poised for substantial
growth, expected to hit USD 8.06 billion by 2032, presenting a compound annual
growth rate of 219, [10]. Considering that hydrogen production is also expected to ramp
up, taking into consideration, indicatively, the collaborative production of renewable
hydrogen between Air Liquide and TotalEnergies to develop & produce renewable
hydrogen at La Méde Refinery, the increased needs for effective hydrogen storage will
drive the growth of this market further.

Regarding the market share split between storage methods, the storage of hydrogen as

gas is still the predominant option, whether pressurized or as a cryogenic liquid. The
conceptual simplicity, similarity to other elemental gas storing methods from relevant
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companies, the ease of use in heavy demand applications such as rocket propulsion
means that hydrogen storage is still predominantly a conventional storage method.

The evident problems of bulk gas/liquified hydrogen storage are the delicate conditions
of its storage which are energy-demanding themselves (flammability, high pressure
and/or cryo-storage) and require specific safety and secure by-design planning, which
both add complexity regarding stationary, large scale storage as well as hamper the
mobile, on-board proliferation, such as hydrogen vehicles. If competing technologies,
such as the solid-state metal hydride storage, managed to overcome their own setbacks,
their innate advantages of milder and more secure storage conditions might allow them
to claim a portion of the market gradually and more importantly, propel hydrogen
growth in general.

With regard to pioneers in the solid-state storage of Hydrogen, several companies can
be mentioned promising both current solutions as well as research and development of
custom solutions. Their names and the company websites (links pointing to the storage
solutions) can be seen below:

Table 53: Metal Hydrides Companies Overview

Website link

Mincatec https://mincatec-energy.com/en/technology/

HYDROGENERA https://hydrogenera.eu/technology/hydrogen-storage

https://www.bronkhorst.com/int/markets/renewable-
energy/all9-hydrogen-storage-in-metal-hydride/

MAHYTEC https://www.mahytec.com/en/products/solid-hydrogen-
storage/

GRZ Technologies https://grz-technologies.com/dash-m-series/

MetHydOr https://methydor.com/

h2planet https://www.h?planet.eu/en/detail/MyH2300

Harnyss https://www.harnyss.com/blog/benefits-of-solid-state-

hydrogen-storage

V. Technical Challenges and Prognosis/Primary Use Cases

There are several challenges for Metal Hydride storage on its road to the market. To
begin with, metal hydride storage has a relatively high energy density by volume, but a
relatively low energy density by weight (kWh/kg), ranging from 19% to 9%. As such,
storage tanks end up being much heavier than other systems for on board storage, with
tanks weighing more than 250 kg. This makes the use of metal hydride as storage for
mobile applications forbidden at the moment. Interestingly, for applications that already
use ballast, like forklifts or cranes, such systemlotos can use the added weight as
benefit, providing a fuel storage while also acting as counterbalances if necessary [11].
Last but not least, cost is an averting factor for jump-starting this technology. Raw
materials such as the metals to use are not cheap and their manufacture, particularly
the intermittent alloys and alloy metals for hydrides are currently costly and cannot
compete with an empty storage tank for hydrogen, no matter it’s shell complexity or
building materials. Concerning safety, metal hydrides tend to react violently with
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moisture in the air so the process needs to remain dry and hydrogen fed during
recharging needs to be rid of humidity [3].

Another fundamental issue with the chemical storage of hydrogen in metals is Hydrogen
embrittlement. The repeat adsorption and desorption (the interaction of hydrogen with
the metal mesh) causes the structure to become brittle, change its mechanical
properties and develop cracks that may lead to complications. This situation is
worsened depending on the conditions, the presence of water or contaminants and the
life-cycle of the tank, and can so far be mitigated by condition controlling, special
coatings or additives and clean reagents that aspire to minimize the effect [12].
Hydrogen embrittlement is an issue in Hydrogen circulation in general, whenever
elemental Hydrogen is flowing in metallic vents or stored in containers, so research
against this phenomenon should yield results for the improvement of solid-state storage
as well.

VI. Logistics/expected logistics

As stationary storage units, Solid State Hydrogen tank stacks are easily maintained and
require significantly less resources than gas or liquid storage. For vehicles, it is difficult
to project a viable Metal Hydride tank system, as they are exceedingly heavy at the
moment and cannot compete with empty tank systems such as the ones used at the
moment. It seems that for the foreseeable future these applications will mainly concern
stationary applications, which will demand specific resources, definitely less extreme
than conventional storage.

VII. Competing current and future solutions

Conventional pressurized or cryogenic storage of pure H2 is the current preferred
method for mobile on-board storage of Hydrogen, as well as the main storage for larger
scale or stationary applications. Li-MH batteries are electricity storage devices but not
hydrogen storage, essentially being market-ready indirect competitors. In general,
hydrogen storage is currently a tight bottleneck in widespread adoption of Hydrogen as
an energy source, no matter the approach to storage. Any competing technology will
benefit from an economy of scale if they gain traction, however at the moment current
and prospect storage approaches have definite pros and cons for definite prospect uses,
carving their niche in specific applications and thus limiting research and development.
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Figure 32: Hydrogen Storage Approaches [2]

VIIl. Deployment and Applications for Emergency Response Organisations

Storage using metal hydrides may be a significant boon for several facilities or assets
of Emergency Response Organizations, should they opt for Hydrogen-fuelled power.
Storage tanks using metal hydride modules demand less pressure and more manageable
temperatures, with higher energy densities per volume. The increased weight wouldn’t
be an issue for stationary applications (provided that they are positioned appropriately)
while the reduced volume would greatly promote their use as storage in critical facilities,
hydrogen production plants or power plants, where volume coupled with conditions
closer to environmental are more important than weight.

In short, centralized hydrogen storage could be facilitated with stacks of metal hydride
tanks, while smaller mobile applications could use the conventional pressurized storage,
as both technologies stand now. Hydrogen would be a clean and effective energy carrier
for emergency response organizations and more so, for remote settlements or response
posts, who, if they are to relinquish fossil fuel energy reserves, could rely on hydrogen
rather than batteries (sensitive in cold climates and degrade with time) as an energy
source.

IX. Operational Considerations

The main operational considerations regarding solid state storage using metal hydrides
are the condition (purity, humidity) of the hydrogen used in the recharging process
(hydrogen returned from the desorption is close to 1009% pure), the temperature of the
storage stack and the pressure. None of these factors are in extreme ranges, so the
system management is much simpler than what is frequent of hydrogen handling. During
the life cycle of the storage system, the structure of the mesh, the performance during
charge/discharge and the conditions during operation should be monitored to ensure
the system’s health and efficiency.
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X. Safety and Security Aspects

One of the main advantages of metal hydrides compared to conventional storage of
hydrogen is safety; instead of a tiny-molecule, flammable gas stored in bulk, under
pressure, in large tanks, hydrogen is chemically attached to a metallic substrate,
mitigating the dangers of deflagration or detonation. In fact, this is one of the key driving
forces behind opting for a seemingly more complex and definitely more costly storage
option compared to just gas hydrogen storage in tanks; the safety of Hydrogen being
reversibly bound to metals. The amount of gas hydrogen released from the secure metal
substrate is controlled thermodynamically and certainly much more secure compared
to heavily pressurized or cryogenic flammable gas.

Xl.  Social Acceptance, ethical aspects

The ethical and social acceptance of Metal Hydrides as energy storage media largely
depends on the acceptance of Hydrogen as an energy coin, and this entire Hydrogen
energy economy as a whole. The storage method of Hydrogen has been one soft target
of competing technologies, like battery-stored electricity, quoting the flammability and
danger of Hydrogen tanks along with the impending danger from housing pressurized
or cryogenic gas in critical points or worse, close to passengers in EVs. While Hydrogen
is already recognised as a clean, universal energy carrier, obstacles such as its storage
could deter the wider adoption from the social acceptance perspective, where a safer
alternative such as a solid hydrogen storage through metal hydrides could definitely
help. Furthermore, production of hydrogen is, at the moment, based on fossil fuel
processing, leading Hydrogen to be far from an actual green fuel that would power the
world for the future.

Nevertheless, the road to a potential transition to hydrogen as a power source would
yield immense benefits in substituting both fossil fuels and their heavy greenhouse and
overall environmental toll, as well as the saturation of lithium batteries in heavy
applications where hydrogen could act as a much more sustainable energy carrier. Given
that the goal is widely evident, and hydrogen’s potential is already showing promise,
storage technologies and horizontal breakthroughs in storage will definitely gain
traction among the public quickly.
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3.2.4.Solid-state batteries

Status: In research & development

Energy focus of the Storage

component:

Key words: solid electrolyte, next-generation battery
Summary

Solid-state batteries are innovative energy storage solutions that replace traditional
liquid electrolytes with solid electrolytes, significantly enhancing safety, energy
density, and longevity. Primarily targeted for applications in electric vehicles,
aerospace, and grid storage, these batteries could notably reduce emissions in

emergency response operations by providing safer, more reliable, and higher-capacity
energy storage. Although currently not widely commercially available and are expected
to face higher costs (in comparison to Lithium-ion) due limited large-scale production
capabilities, ongoing advancements are expected to boost their market presence and
economic viability significantly between 2025 and 2035.

I. Definition, Motivation and Purpose

A solid-state battery (SSB) is an electrochemical energy storage device that utilizes a
solid electrolyte instead of the liquid or polymer gel electrolytes found in traditional
lithium-ion batteries (LIBs). This design mitigates safety risks associated with
flammable electrolytes, enhances energy density by enabling lithium metal anodes, and
offers superior longevity due to reduced side reactions at the electrode-electrolyte
interface. The primary motivation behind SSB development is the growing demand for
safer, longer-lasting, and higher-energy-density batteries for applications such as
electric vehicles, aerospace, and grid storage [2-4]. As lithium-ion batteries approach
their theoretical performance limits, SSBs present a pathway to overcome these
constraints [2-4].

Il.  Functionality and Technical explanation

Solid-state batteries operate on the same fundamental principles as lithium-ion
batteries but incorporate several crucial differences
that significantly enhance their performance, safety,
and longevity. At their core, SSBs consist of three key
components: an anode, a cathode, and a solid
electrolyte [2-4].

In traditional lithium-ion batteries, lithium ions move
through a liquid electrolyte between the anode and
cathode during charge and discharge cycles. In |Anode
contrast, solid-state batteries replace this liquid
medium with a solid electrolyte, which can be made of
ceramics, sulphides, or solid polymers. This
replacement fundamentally alters the charge transport

Cathode

mechanism, leading to various performance
improvements[2-4].
When an external voltage is applied to the battery, SOLID-STATE ELECTROLYTE

lithium ions migrate from the cathode through the Figure 33: structure of SSBs[1]
solid electrolyte and get deposited onto the anode.
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The main structural difference between SSBs and traditional lithium-ion batteries (LIBs)
lies in the replacement of the liquid electrolyte and separator with a solid electrolyte.
In LIBs, a liquid electrolyte facilitates lithium-ion movement between the anode
(typically graphite) and the cathode (such as NMC or LFP), with a porous separator
preventing short circuits. In contrast, SSBs use a solid electrolyte, which not only
conducts lithium ions but also serves as the separator, eliminating the need for a
distinct separator layer. This change enables direct contact between the solid electrolyte
and the electrodes, altering ion transport dynamics and electrode design. Additionally,
SSB-concepts often incorporate lithium metal anodes instead of graphite, as the solid
electrolyte helps suppress dendrite formation, which would otherwise pose safety risks
in conventional LIBs [5]. These structural modifications impact battery architecture,

enabling thinner designs, increased energy density, and new material compatibilities.

Table 54: Overview of Solid-State-battery subtypes [6]

SSE Type Challenges

Solid Polymer Polymer matrices Lightweight, Low ionic Enhancing ionic
Electrolytes mixed with flexible, conductivity at conductivity
(SPEs lithium salts or compatible with room while maintaining

Garnet-Type
SSEs (LLZO)

NASICON-Type
SSEs

Thio-LISICON &
Sulfide-Based
SSEs

PUBLIC

inorganic fillers,
enhancing
flexibility and
processability
Lithium
Lanthanum
Zirconium Oxide
(LLZO) with a
garnet crystal
structure,
offering high
electrochemical
stability

Sodium Super
lonic Conductor-
based
frameworks,
adaptable for
lithium-ion
transport.
Lithium sulfide-
based
compounds (e.g.,
Li10GeP2S12),
known for high
ionic conductivity
and
processability.

lithium metal
anodes.

Stable with
lithium metal,
broad
electrochemical
window, high

thermal stability.

Stable with
lithium metal,
broad
electrochemical
window, high

thermal stability.

Very high ionic
conductivity (up
to 1068 S/cm),
good
processability.

temperature,
requiring
elevated
temperatures.

Brittle nature,
difficult
processing, high
interfacial
resistance.

Some
compositions
show poor
compatibility
with lithium
metal.

Highly reactive
with moisture,
forming toxic
hydrogen sulfide
(HFS).

mechanical
integrity

Improving
interface
compatibility and
scalability.

Optimizing
interfacial
properties and
cost-effectiveness

Improving
environmental
stability and
mitigating
interfacial
degradation
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Il. Performance Requirements

Table 55: Performance of SSB in comparison to conventional LIBs

m SSB performance in comparison to LIBS

TRL 5-7
Typical same
Operating
Time
Response Faster than LIBs (milliseconds-seconds)

Time (Minutes
Maintenance Lower than LIBS (no liquid electrolyte degradation)

Expected 10-15 years (potentially longer than LIBs)

lifespan
Acquisition Estimates suggest SSBs currently cost around 2-times more than LIBs per
Costs kWh[7]
Operational Lower than LIBs due to increased stability
Cost
Energy 300-500 Wh/kg (1.5x - 2x higher in SSBs); 1150 Wh/I (1.5x - 2.5x higher in
Density SSBs)[7]
Operating -60-80More stable without degradation like LIBs (solid electrolytes less affected
Temperature by temperature)[7,8]
°C)

IV.  Current Technological Development Trends/Development Trends & Market
Analysis

As of early 2025, (all) solid-state batteries are not yet commercially available. However,
several manufacturers are actively developing and testing this technology, with plans to
introduce it in the near future. Forecasts indicated that with the introduction of oxide
and sulphide electrolyte technologies, pilot production could begin as early as 2025,
with overall capacity expected to grow to between 15 and 40 GWh by 2030, and up to
120 GWh by 2035 [7]. Pricing remains a significant challenge; acquisition costs for
SSBs are currently estimated at 2-3 times higher per kWh compared to conventional,
primarily due to the limited scale of production and immature supply chains. However,
Forecasts predict a price drop to approx. 70-80 9% of the original costs in 2030 [7].
Research activities mainly focus on electric vehicles and are concentrated in Asia, with
major roles played by companies and institutions in Japan, South Korea, and China,
while emerging efforts in the United States are also notable. These factors underline the
current fragmentation of the SSB supply chain and the critical need for further scaling
to achieve cost competitiveness [7].

In Europe, robust research and development efforts are underway to advance SSB
technology, particularly in innovative materials and cell design, yet industrial-scale
production lags behind that of Asian and U.S. competitors. European initiatives, such
as those supported by the national research funding and coordinated through projects
like the Battery Research Factory.

Although some products on the market, like Yoshino, market their portable batteries as
"solid-state," they actually contain a solid-state electrolyte alongside a liquid
component, making them more accurately classified as semi-solid or hybrid solutions.
Despite the debate over terminology, these batteries still appear to offer improved safety
and longevity compared to traditional lithium-ion batteries [9].
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Table 56: Overview of relevant Stakeholders for SSB development

Organization Name Headquarters Technology Focus
Location

QuantumScape USA Developing lithium-metal SSBs for electric vehicles
with Volkswagen partnership.

Solid Power USA Producing sulfide-based SSBs, with backing from
BMW and Ford.

ProLogium Technology Taiwan Developing ceramic-based SSBs for EVs and energy
storage.

Toyota Japan Focused on oxide-based SSBs for hybrid and fully
electric vehicles.

Sakuu USA Pioneering 3D-printed SSBs

Factorial Energy USA Developing SSBs with increased energy density,
partnering with Mercedes-Benz and Stellantis

Samsung SDI South Korea Researching high-performance SSBs for consumer
electronics and EVs

BASQUEVOLT Spain Developing next-generation lithium SSBs for mobility
and stationary applications.

CIC energiGUNE Spain Research in solid-state electrolyte chemistry and
thermal energy storage.

Fraunhofer IS Germany Evaluating SSB  development potential and
conducting applied research in battery innovation.

[lika UK Developing thin-film SSBs for loT, medical, and
industrial applications

Blue Solutions (Bolloré France Producing polymer-based SSBs for buses and

Group) stationary storage.

V. Technical Challenges and Prognosis/Primary Use Cases

SSBs development is impeded by several technical challenges, including limited ionic
conductivity in polymer electrolytes at ambient temperatures, the necessity for high-
temperature processing in oxide electrolytes, and difficulties in achieving robust
interfacial stability with high-energy electrode materials such as lithium metal, which is
prone to dendrite formation [3,7]. Additional issues arise from mechanical degradation
due to volume changes during cycling, and challenges related to scaling up production
while maintaining consistent performance and safety standards, all of which must be
addressed to realize the full potential of this technology[3,7].

In terms of applications, solid-state batteries are poised to play a significant role in
both stationary and mobile energy storage systems. For home energy storage, the
inherent safety afforded by the absence of flammable liquid electrolytes, along with
longer operational lifespans and reduced maintenance requirements, make them an
attractive alternative. In the automotive sector, the higher energy density and improved
thermal stability are expected to lead to lighter battery packs and extended driving
ranges, which are critical for enhancing electric vehicle performance.

VI. Logistics/expected logistics

For emergency response organizations using energy storage sources like solid-state
batteries, transportation logistics are key. These batteries are safer than traditional
lithium-ion systems since they lack flammable liquid electrolytes, lowering both
transport risks and regulatory challenges. They can be transported by truck, rail, or air
and are designed for containerized shipping with thermal management and shock
absorption. In disaster scenarios, they provide reliable, high-energy-density storage,
reducing weight and volume for efficient transport to emergency camps.
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VII. Competing current and future solutions

Compared to conventional LIBs, solid-state batteries (SSBs) offer superior safety, higher
energy density, and greater thermal stability, making them a more reliable choice for
emergency response applications. Unlike LIBs, which contain flammable liquid
electrolytes and require stringent transport regulations, SSBs are inherently safer and
can be shipped with fewer restrictions. They also have a longer lifespan and lower
maintenance requirements, reducing operational costs over time. However, current
SSBs face challenges such as higher production costs, limited large-scale
manufacturing capabilities, and lower power output compared to mature LIB
technology.

Future alternatives, like sodium-ion or lithium-sulphur batteries, may offer cost benefits
and improved sustainability but still struggle with lower energy density and shorter cycle
life, though lithium-sulphur batteries can also integrate solid electrolytes to improve
stability and safety. While hydrogen fuel cells provide a high-energy solution for off-grid
applications, they require complex infrastructure and specialized handling. Overall,
SSBs present a balanced option, offering enhanced safety and efficiency while still
requiring further technological and economic advancements for widespread adoption

VIII. Deployment and Applications for Emergency Response Organizations

Inside a base of operations or an emergency shelter, solid-state batteries (SSBs) can
serve as a reliable and safe energy storage solution, ensuring uninterrupted power for
critical functions. Their modular and scalable design allows for seamless integration
into microgrids, enabling efficient energy distribution. Unlike conventional LIBs, SSBs
eliminate the risk of electrolyte leakage or thermal runaway, making them safer for
indoor use in confined spaces where fire hazards must be minimized. In emergency
shelters, SSBs can be deployed as standalone power sources or in combination with
renewable energy systems such as portable solar panels, enhancing energy self-
sufficiency in prolonged crisis situations. Their high energy density allows for compact
storage, freeing up valuable space for other essential supplies.

IX. Operational Considerations

Deploying SSBs in emergency shelters and Basis of Operations requires consideration
of training, system integration, and environmental adaptability. Unlike LIBs, SSBs
require less maintenance, but personnel must be trained in safe handling, basic
troubleshooting, and integration with microgrid controllers and energy sources. Their
modular design allows seamless replacement of traditional battery storage, though
voltage compatibility and energy management must be optimized for efficiency. In
extreme environments, SSBs offer superior thermal stability, maintaining performance
in both high temperatures and freezing conditions without the risk of thermal runaway.
Their solid electrolyte composition enhances resistance to moisture and humidity,
making them suitable for flood-prone or coastal disaster zones. Rugged enclosures may
be necessary for prolonged exposure to harsh conditions, ensuring continuous power

supply.
X. Safety and Security Aspects

SSBs are safer than LIBs due to their non-flammable solid electrolytes, reducing fire
and explosion risks. However, mechanical damage, improper handling, or extreme
conditions can still degrade performance. Rugged casings, automated Battery
Management System for real-time monitoring, and fire-resistant enclosures enhance
safety. Proper ventilation and tamper-proof designs prevent overheating and
unauthorized access.
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Xl.  Social Acceptance, ethical aspect

Their enhanced safety and lower environmental impact make them more appealing for
widespread adoption, especially in emergency and residential applications. However,
ethical concerns arise regarding material sourcing, particularly the mining of lithium
and other critical minerals, which can have social and environmental consequences.
Ensuring responsible sourcing, fair labour practices, and recycling initiatives is
essential to mitigate negative impacts on vulnerable communities.
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3.3. Emerging moderately promising technologies-
(EMHPETS)

3.3.1.Perovskite and tandem solar cell

Perovskite and tandem PV cells are next-generation photovoltaic technologies with high
power conversion efficiencies, reaching over 259% for perovskites and exceeding 33%
for perovskite-silicon tandem configurations, by stacking two complementary absorbers
to capture a broader solar spectrum [1]. Their lightweight, flexible design and expected
lower-cost manufacturing make them promising alternatives to conventional silicon
photovoltaics [1]. However, their commercialization faces challenges related to
environmental stability, as perovskites are highly sensitive to moisture, heat, and UV
exposure, leading to fast degradation over time [2,3]. Advances in encapsulation
techniques and material engineering are being explored to enhance their durability and
operational lifespan [2-4]. Tandem solar cells mitigate some of these issues by
integrating silicon, improving overall efficiency and longevity [5].

Despite these challenges, perovskite and tandem solar cells offer strong potential for
emergency response operations, particularly in field camps such as Boo & ES. Their
high efficiency and rapid deployability make them ideal for powering essential services.
Their lightweight, flexible design enables quick transport and installation in remote or
disaster-affected areas. Furthermore, tandem configurations maximize energy output in
space-limited environments. Perovskite-silicon tandem PV panels require significantly
less space (ca. 409%) than traditional silicon PV panels to generate the same amount of
energy Though not yet as mature improvements in stability and encapsulation are
steadily enhancing their durability, making them increasingly relevant for off-grid and
mobile energy needs in emergency scenarios in the near future. Relevant Stakeholder
for development are Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE),
Oxford PV, LONGiI, EPFL (Ecole Polytechnique Fédérale de Lausanne, Switzerland), IMEC
(Interuniversity Microelectronics Centre, Belgium), CEA-Liten (Commissariat a I'énergie
atomique et aux énergies alternatives, France), Instituto de Energia Solar (IES, Spain).
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3.3.2.Airborne wind & kites

Airborne Wind Energy Systems (AWES) harness wind power at high altitudes using tethered
wings or aircraft, operating between 200 and 600 meters where wind speeds are stronger and
more consistent than at ground level. AWES are classified into Ground-Gen systems, which
convert the mechanical energy from the tether into electricity at a ground station, and Fly-Gen
systems, where airborne turbines generate power and transfer it via conductive tethers [1].

One of AWES's main advantages is its ability to capture wind energy efficiently through
crosswind flight, significantly increasing power output. Compared to conventional wind
turbines, AWES requires fewer materials, making it cost-effective and environmentally friendly.
Its flexible deployment, particularly offshore and in remote areas where traditional wind farms
are impractical, adds to its appeal. Additionally, AWES can be optimized to function during
lower wind speeds, increasing profitability in fluctuating electricity markets [1][2].

However, challenges persist, including tether durability under dynamic loads, autonomous
flight control, and integration with energy markets. Airspace regulations and aviation safety
concerns must also be addressed before widespread adoption. Companies such as KiteGen
(Italy), Ampyx Power (Netherlands), SkySails Power (Germany), and TwingTec (Switzerland)
are actively developing prototypes, yet large-scale commercialization remains in progress

(112].

Recent research suggests a shift from cost-driven AWES design toward value-driven
optimization. Instead of solely focusing on minimizing the Levelized Cost of Energy (LCoE),
studies highlight the importance of maximizing revenue through energy market integration.
The Levelized Profit of Energy (LPoE) metric, which accounts for fluctuating electricity prices,
suggests that systems optimized for low-wind-speed operation can yield higher returns in
deregulated energy markets. In particular, systems with larger wing areas and higher maximum
tether force (Ft,max) show better economic viability, as they can generate power when
electricity prices are higher due to lower wind speeds [3].

With advancements in autonomous control, composite materials, and market-based system
design, AWES could play a key role in the renewable energy transition, particularly in offshore
wind energy expansion and grid stabilization through flexible power generation [2][3].
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3.3.3.Solid-state wind energy technologies

Solid-state wind energy technologies harness wind power without traditional rotating
blades, instead utilizing electrohydrodynamic processes [1], vortex-induced vibrations
[2-4], or enclosed (or semi-enclosed) wind turbine systems [5]. Bladeless subtypes
eliminate mechanical wear and significantly reduce maintenance needs. They don’t
require heavy foundations or complex installation. While conventional wind turbines
achieve higher efficiency per unit due to their large swept area, solid-state designs trade
some power output for a more compact, quieter, and low-maintenance alternative.
Although their efficiency per unit is expected to be lower, requiring multiple units to
match traditional turbines, they can be deployed in closer proximity without significant
energy losses [2]. Most solid-state wind technologies are still in early development
stages, typically ranging from TRL 3 prototypes to 6, though some designs, like Vortex
Bladeless, are nearing commercial readiness. Notably, vortex-induced vibration systems
are most effective in open, unobstructed areas where wind flows freely, while enclosed
wind turbine systems with shrouds are especially advantageous for urban settings like
rooftops, where space constraints and wind direction and speed variability are
factors[6]. However enclosed wind turbines are not limited to this area.

For emergency operations and mobile energy supply in field camps, solid-state wind
technologies could offer lightweight, modular, and low-maintenance, plug-and-play
solutions. Unlike conventional turbines, which require skilled technicians for installation
and upkeep, these systems can be quickly deployed with minimal oversight. Their
enclosed or bladeless designs also enhance safety in temporary settlements by
eliminating exposed moving parts. However, depending on the subtype, some noise
concerns may still arise. Relevant stakeholders for development are Ventum dynamics,
Halcium, Vortex Bladeless, Aeromine Technologies, Katrick Technologies, Fraunhofer
Institute for Wind Energy Systems (IWES), European Academy of Wind Energy (EAWE),
Technical University of Denmark (DTU).
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3.3.4.Lithium Sulphur batteries

Lithium-sulphur (Li-S) batteries deliver much higher gravimetric energy density
(theoretically 2600wh/kg [1]) practically with up to 500-900 Wh/kg [2] more than
lithium-ion, ca. 270 Wh/kg, thanks to sulphur-based cathodes and distinct conversion
reactions. [1]. However, their lower volumetric density means they are lighter but likely
bulkier than lithium-ion [3]. They also benefit from sulphur’s abundance, reducing
reliance on metals like cobalt and nickel. [4] Key challenges include polysulfide
shuttling, rapid capacity loss, and lithium dendrite growth, implying a faster
degradation but recent advances in electrode design, solid-state electrolytes, and
encapsulation are paving the way for commercialization. [1,5], with a with a Gigafactory
planned for 2027 [6].Hence, the technology is currently rated with a Technology
Readiness Level of 6-7 but with a potential TRL 8-9 by 2030.

Li-S batteries also offer a compelling advantage for emergency response operations,
particularly in scenarios where lightweight, high-energy-density power sources are
essential. Their superior gravimetric energy density makes them well-suited for person-
portable energy storage, remote emergency camps, and drones, where minimizing
weight can be critical. Relevant stakeholder for development are Lyten, Monash
University, Fraunhofer Institute for Material and Beam Technology (Fraunhofer WS,
Germany), Helmholtz Institute Ulm (HIU, Germany), The Faraday Institution with its
Lithium-Sulfur Technology Accelerator, Swiss Federal Laboratories for Materials Science
and Technology, CEA-Liten, Johnson Matthey, LG, Zeta Energy.
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3.3.5.Metal-Air Batteries

Metal-air batteries generate electricity by reacting metals with oxygen from ambient air,
eliminating the need for a stored oxidizer and enabling much higher energy densities
than lithium-ion batteries [1-3]. Chemistries include zinc-air, aluminum-air, iron-air,
lithium-air, and magnesium-air, each with distinct characteristics Their key advantages
include high energy density (exceeding 1000Wh/kg), inherent safety, and abundant
electrode materials, but challenges in rechargeability, cycle stability, and power density
[1-3]. Unlike lithium-ion batteries, they lack flammable organic electrolytes, reducing
thermal runaway risks. Currently, only zinc- [4]air is commercially available in a non-
rechargeable form, while rechargeable variants at TRLs 3-6. If rechargeability
challenges are overcome, they could serve as alternatives for stationary storage and
niche mobile applications.

Compared to other battery technologies, rechargeable metal-air systems are not yet
viable for emergency response applications due to their limited rechargeability and
cycle life. While their 2 to 10 times higher energy density, lower toxicity, and cost
advantages over lithium-ion batteries are promising, practical deployment depends on
overcoming key technical barriers [1-3]. With advancements in electrolyte stability,
electrode reversibility, and power density, they could become a viable alternative for
long-duration energy storage in the future. Relevant stakeholder for development are
CIC energiGUNE, Fraunhofer Institute for Manufacturing Technology and Advanced
Materials (IFAM), SINTEF, University of Lille and University of Poitiers, Helmholtz
Institute Ulm, Phinergy, Form Energy, Log 9 Materials
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3.3.6.Hydrogen-fueled internal combustion engines (H2 ICEs)

Hydrogen-fueled internal combustion engines (H2 ICEs) function by combusting hydrogen gas
in modified traditional engines, providing a clean combustion process with near-zero carbon
emissions, leveraging existing combustion engine technology and infrastructure [1-3].
Advantages include high thermal efficiency due to higher compression ratios, familiarity with
ICE technology, and reduced global emissions, whereas disadvantages involve technical
challenges such as backfiring, knocking, high NOx emissions, and the need for specialized
components and safety infrastructure [2]. Currently at the development stage (TRL 6-7), H2
ICEs face critical hurdles in managing combustion stability and emissions. Comparatively, fuel
cells offer quieter operation and less heat, and produce no NOx emissions contributing to
health issues.

H2 ICEs could offer reliable power for vehicles, portable generators, and equipment such as
lights and communication devices. However, their practicality is contingent upon resolving
infrastructure and fuel supply challenges, safety measures, and managing operational
complexities. Fuel cells currently offer superior operational simplicity, lower maintenance, and
cleaner emissions, albeit with higher initial infrastructure investment.
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3.3.7.Methanol

Methanol (CHFOH) is considered a promising alternative fuel for internal combustion
engines (ICEs) as part of global carbon neutrality efforts. Compared to fossil fuels, it
offers several advantages, including a high oxygen content, a high octane number, low
cost, and easy handling. Methanol can be produced either from fossil sources such as
natural gas and coal or as renewable methanol, which is synthesized from biomass (bio-
methanol) or through the combination of captured COF and green hydrogen (e-
methanol). The power-to-liquid (PtL) technology used for methanol production enables
the utilization of renewable energy sources such as wind, solar, hydro, or geothermal
power. One of methanol’s advantages is its high oxygen content which enhances
combustion efficiency and reduces soot formation, making it an environmentally friendly
option. Methanol also contains no sulphur and has a lower calorific value than
conventional fuel, resulting in lower NOx emission. Additionally, methanol remains in a
liquid state under standard conditions, which simplifies storage, transport, and
distribution, while its versatility allows its use not only as a fuel for combustion engines
but also in fuel cells and chemical processes [1-3].

However, methanol faces several challenges that need to be addressed before
widespread adoption. Cold start difficulties arise due to its high heat of vaporization,
making engine ignition problematic at low temperatures. Its lower energy density
compared to gasoline or diesel results in increased fuel consumption, which can impact
overall efficiency. Another concern is the presence of unregulated emissions, such as
formaldehyde, which necessitate effective catalytic converters for mitigation.
Furthermore, the production of green methanol remains costly, as it depends on the
availability of renewable energy and efficient COF capture technologies [1,2].

Currently, numerous prototype projects around the world are exploring large-scale
methanol production. Iceland hosts one of the world’s largest electrolysis and methanol
plants operated by Carbon Recycling International (CRI). Sweden’s Liquid Wind initiative
aims to establish multiple e-methanol production facilities to supply the shipping
industry. In Norway, Swiss Liquid Future and Thyssenkrupp are working on a large-scale
methanol production project using COF from a ferrosilicon plant. Germany is home to
several power-to-methanol initiatives, including Dow’s large-scale project and the
MefCO2 initiative, which synthesizes methanol from captured COFand excess electricity

[2].
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3.4. Emerging lowly promising technologies (ELPETS)

3.4.1.Small modular (nuclear) reactors

Small Modular Reactors (SMRs) are nuclear reactors with electrical outputs of up to 300
MW [1], while a subset, microreactors (MRs) or very small SMRs (vSMRs), typically
range from 1 to 20 MW and can be either stationary or mobile [2]. Their compact size
allows for modular factory construction and transportability, reducing build times and
improving quality control [2]. Passive and active safety features minimize the risk of
major radioactive releases, and deployment options include land-based, multi-module,
or floating units, such as ship or truck-mounted reactors [3]. SMRs offer scalability, a
stable energy supply, and a smaller emission footprint, but regulatory, waste
management, and ethical challenges remain significant hurdles [3-6]. Despite being
designed for factory assembly and transport as modules or even whole units, economic
feasibility remains uncertain, as most designs are still far from commercialization [7].
Currently classified at Technology Readiness Level (TRL) 4, they are projected to reach
TRL 5-7 by 2030.

For emergency response organizations, microreactors (MRs) and mobile nuclear power
plants (MNPPs) could provide long-term, off-grid power in disaster zones or remote
areas where renewables are insufficient. However, as most SMRs remain in the
conceptual or early development stage, regulatory, logistical, and safety barriers hinder
rapid deployment, limiting their short-term practicality in emergency scenarios.
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3.4.2.Tidal Energy Generators

Tidal energy converters (TECs) generate electricity by harnessing the kinetic and
potential energy of tidal currents, driven by the moon’s gravitational pull and Earth’s
rotation [1-4]. Unlike wind and solar power, tidal energy follows a fixed, regular cycle,
making it one of the most predictable renewable sources [1-4]. TECs operate like wind
energy converters but in an underwater environment, where water’s higher density (800
times that of air) allows for smaller, more efficient units that function even at low flow
speeds [1-4]. They can be installed on the seabed or as floating platforms, enabling
deployment in remote coastal and island communities [1-4]. Depending the unit size,
they have range of capacity of 100kW [5] to 2,4 MW [6], 10 hours [7] or even longer a
day. However, TECs require strong tidal flows, limiting their applicability to specific
locations.

Most TECs are less mobile than other low-emission energy technologies. While some
can be transported by ship to the desired location, they require precise underwater
positioning and secure anchoring. These factors limit their practicality for rapid
deployment, easy installation, and maintenance, making them less suitable for
emergency response organizations despite their high reliability.

References for Tidal Energy Generators

1.Chowdhury MS, Rahman KS, Selvanathan V, et al. Current trends and prospects of tidal energy technology.
Environment, development and sustainability 2021; 23: 8179-94

2.Masood Ahmad M, Kumar A, Ranjan R. Recent Developments of Tidal Energy as Renewable Energy: An
Overview. In: Jha R, Singh VP, Singh V, Roy LB, Thendiyath R, eds. River and Coastal Engineering: Hydraulics,
Water Resources and Coastal Engineering, 1st edn. Water Science and Technology Library. Vol 117. Cham:
Springer International Publishing; Imprint Springer, 2022: 329-43

3.Lehmann M, Karimpour F, Goudey CA, Jacobson PT, Alam M-R. Ocean wave energy in the United States:
Current status and future perspectives. Renewable and Sustainable Energy Reviews 2017; 74: 1300-13

4. Lagoun MS, Benalia A, Benbouzid MEH. Ocean wave converters: State of the art and current status. In: 2010

IEEE International Energy Conference: IEEE, 2010: 636-41

.Nova Innovation. M100-D. https://novainnovation.com/products

. Orbital Marine Power. 02-X. https://02-x.orbitalmarine.com/

.Perch  Energy. Tidal Power Explained: What is Tidal Energy & Is It Renewable?

https://www.perchenergy.com/blog/energy/tidal-power-explained-renewable-tidal-energy

~N Oy O

PUBLIC 185



[ - POWERBASE

3.4.3.Pedal-powered generators

Pedal-powered generators harness human kinetic energy to produce electricity, offering a
decentralized and sustainable power source. These systems convert mechanical energy from
pedaling into electrical energy via a generator, which can be used directly or stored in batteries.
A fit individual can generate around 150-200 W while cycling, sufficient for charging small
devices, powering lighting, or supplementing household energy needs [1][2][3][4][5].

Efficiency depends on generator type, mechanical design, and energy transmission. A
stationary bike generator with a brushless DC motor generates 12V-14V at optimal speeds
with a belt ratio of 8:1. At 200 RPM, it produces 11-12V at 10.46A, reaching 13.5-14.5V at
250 RPM. A chain sprocket and belt mechanism improve energy conversion, while a flywheel-
based system stabilizes power output [1][2][3]. Some systems generate up to 114 W,
sustaining multiple devices like mobile phones and laptops for over four hours [4].

These generators have practical applications in off-grid and urban settings. In rural areas, they
provide electricity for lighting, mobile charging, and small appliances. In India, school-based
systems allow ten minutes of pedaling to generate forty minutes of light [2]. In cities, they
integrate into fitness equipment, promoting exercise while generating power [1][3][5]. Public
spaces such as parks also utilize them for device charging [4].

Despite benefits, limitations include low energy output and reliance on human effort. They are
unsuitable for high-power applications, and mechanical inefficiencies reduce overall efficiency.
Hybrid systems combining pedal power with solar or wind energy could improve practicality.
Future advancements in flywheel storage, regenerative braking, and optimized transmission
may enhance efficiency and expand applications [1][3][4][5].
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3.4.4.Liquid organic hydrogen carriers

Liquid Organic Hydrogen Carriers (LOHCs) offer a promising solution for hydrogen
storage and transport at ambient conditions, overcoming challenges related to
compression and liquefaction. LOHCs, such as methylcyclohexane (MCH)/toluene and
perhydro-dibenzyltoluene (H18-DBT)/dibenzyltoluene (DBT), enable reversible
hydrogenation and dehydrogenation without producing by-products. This allows for
efficient storage, long-distance transport using existing fuel infrastructure, and
controlled hydrogen release where needed.

The advantages of LOHCs include high storage density, safety, and compatibility with
current energy infrastructure, reducing transportation costs and risks. However, a major
drawback is the high energy demand for dehydrogenation, requiring temperatures of
250-350°C, leading to efficiency losses, catalyst deactivation, and potential LOHC
degradation [1]. Research is focused on improving catalysts, process heat integration,
and optimizing reactor design to address these challenges.

Currently, LOHC technology is under pilot demonstration in countries like Japan and
Germany. Companies such as Chiyoda Corporation and Hydrogenious Technologies are
testing LOHC systems for large-scale hydrogen transport and stationary applications.
LOHCs are especially attractive for off-grid applications, such as emergency shelters
and bases of operation. In these cases, LOHCs can store surplus renewable energy in
the form of hydrogen, which can later be released and converted back into electricity.
Economic analysis suggests that off-grid applications of LOHCs can compete with diesel
generators, particularly in remote areas with high fuel costs and especially as the costs
of renewable energy continue to decline. Despite their potential, widespread adoption
depends on further technological advancements to improve efficiency and economic
viability [1-5].
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3.4.5.E-Fuels

E-fuels, or electrofuels, are synthetic fuels produced using renewable energy. They are
considered a key technology for decarbonizing transportation and industry, as they
provide an alternative to fossil fuels while enabling carbon recycling. The core
components of e-fuel production include hydrogen (e-H2), generated through water
electrolysis using renewable electricity, and carbon dioxide (CO»), captured from
industrial emissions, biomass combustion and biogas production or directly from the
air (DAC). E-hydrogen can be combined with CO» to create e-methanol, e-methane, e-
diesel, and other fuels, or with nitrogen to produce e-ammonia [1].

The advantages of e-fuels include their high energy density, easy storage and
transportability, and compatibility with existing internal combustion engines (ICEs),
reducing the need for new infrastructure (e.g. for e-diesel, e-gasoline, e-kerosine or e-
methanol). They can also serve as long-term energy carriers, balancing fluctuations in
renewable electricity generation. However, from electricity to e-fuel, there is about a
409% loss [2]. The current high cost of green hydrogen and CO»2 capture also makes e-
fuels significantly more expensive than fossil fuels. Currently, e-fuels can cost up to EUR
7 per litre, but prices are expected to fall due to economies of scale and declining
renewable electricity prices, potentially reaching EUR 1 to EUR 3 per litre by 2050
(excluding taxes) [2]. Future cost reductions in electrolysis and carbon capture
technologies, along with expanding renewable energy capacity, could improve their
competitiveness. While currently costly and energy-intensive, e-fuels offer a promising
pathway for sustainable fuel production in a low-carbon economy [1-3].
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3.4.6.E-Ammonia

E-ammonia is a synthetic fuel produced by combining green hydrogen (generated via
water electrolysis using renewable energy) with nitrogen, which is extracted from the
air. The nitrogen is captured from ambient air with three possible technologies:
cryogenic separation, pressure swing adsorption (PSA), and membrane permeation. For
large-scale ammonia plants, cryogenic distillation is the more convenient option due to
the lowest specific consumption which is equal to 0.11 kWh/kgN2 [1]. This process
follows the Haber-Bosch method, where hydrogen and nitrogen react under high
pressure and temperature using an iron-based catalyst. Unlike conventional ammonia,
which is derived from fossil fuels, e-ammonia is carbon-free and considered a promising
energy carrier for decarbonization [2].

One key advantage of e-ammonia is its high hydrogen content, making it an efficient
fuel for internal combustion engines (ICEs) [2]. Additionally, it can be stored and
transported more easily than hydrogen, providing a stable energy supply [3]. It can also
be blended with other fuels, such as diesel, to enhance combustion performance and
reduce carbon emissions [4].

However, e-ammonia production is energy-intensive and costly, largely depending on
the price of green hydrogen and nitrogen separation. Safety concerns also arise due to
ammonia’s toxicity and corrosiveness, requiring strict handling and storage measures
[2]. Moreover, its combustion characteristics, such as high ignition energy and low
flammability [1], pose technical challenges for engine adaptation.

Despite these challenges, e-ammonia has great potential as a clean fuel and hydrogen
carrier. With advancements in renewable energy and electrolysis technology, production
costs are expected to decrease, making e-ammonia a viable solution for reducing carbon
emissions in various industries.
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3.4.7.Compressed Air Energy Storage (CAES)

Compressed Air Energy Storage (CAES) is an energy storage technology that helps balance
fluctuations in renewable energy supply by compressing air and storing it in underground
caverns or high-pressure tanks. When energy is needed, the compressed air is expanded
through turbines to generate electricity. Traditional large-scale CAES, such as those in Huntorf,
Germany, and Mclntosh, USA, follow a diabatic process in which compression heat is lost and
fossil fuels are required for reheating, limiting efficiency to 42-549%, [1]. Advanced adiabatic
CAES (A-CAES) improves efficiency beyond 70% by capturing and reusing this heat, eliminating
the need for fossil fuel combustion [2].

Optimizing the number of compression and expansion stages significantly impacts CAES
efficiency and economic feasibility. Research on Advanced Adiabatic CAES with Combined Heat
and Power (AA-CAES-CHP) shows that increasing the number of compression and expansion
stages reduces exergy losses and improves system performance. While five-stage
configurations provide greater thermodynamic advantages over three-stage systems, excessive
stage numbers lead to diminishing efficiency gains and higher capital investment [3]. Hybrid
CAES designs, such as Supercritical CAES (SC-CAES), Underwater CAES (UCAES), and Liquid
Air Energy Storage (LAES), are also being explored to enhance energy density and storage
flexibility by leveraging extreme pressures, deep-sea reservoirs, and air liquefaction
technologies [2].

Smaller-scale CAES systems, including mini-CAES below 10 MW and small-scale CAES between
10 and 100 MW, are gaining attention for distributed energy storage, microgrids, and industrial
applications. Unlike large-scale CAES, these systems store air in high-pressure tanks, making
them viable in urban settings and remote locations. However, mini-CAES faces challenges such
as heat losses, lower energy density, and limited financial feasibility. Studies suggest that
integrating these systems with combined heat and power (CHP) applications and using scroll
or reciprocating expanders could improve efficiency by capturing and utilizing waste heat [4].

Compared to battery storage, CAES offers longer lifespans, lower degradation rates, and
reduced reliance on rare materials. While large-scale CAES requires specific geological
conditions and small-scale systems face efficiency and cost barriers, CAES remains one of the
most cost-effective long-duration storage solutions. Future developments include hybridization
with waste heat recovery, hydrogen storage, and renewable energy sources to improve
efficiency and market competitiveness [1, 3]. As advancements continue, both large-scale and
small-scale CAES are expected to support the transition to a low-carbon energy system.
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3.4.8.Supercapacitors

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are energy
storage devices with high power density, fast charge-discharge rates, and long cycle life. Unlike
batteries, which store energy through chemical reactions, supercapacitors rely on electrostatic
charge storage via electric double-layer capacitance (EDLC) or pseudocapacitance. EDLC
supercapacitors use carbon-based materials like activated carbon or graphene, while
pseudocapacitive supercapacitors involve Faradaic reactions with transition metal oxides (e.g.,
MnOF, RuOF) or conducting polymers (e.g., polyaniline, polypyrrole) [1, 2].

Supercapacitors are widely used in applications requiring rapid energy bursts, such as
regenerative braking in electric vehicles and grid stabilization for renewable energy. Their
advantages include ultra-fast charging, high efficiency, and durability exceeding one million
charge cycles. However, they suffer from lower energy density (5-30 Wh/kg) compared to
lithium-ion batteries (150-250 Wh/kg), limiting their ability to store energy for extended
periods [1, 3].

Advancements in materials science aim to overcome these limitations. Graphene-based
supercapacitors improve conductivity, surface area, and capacitance retention. The integration
of conducting polymers and redox-active organic molecules, such as quinones, enhances
energy storage by introducing reversible redox reactions. Additionally, hybrid supercapacitors
combining EDLC and pseudocapacitive mechanisms offer a balance between power and energy
density [2, 3].

Flexible and wearable supercapacitors have emerged as promising energy storage solutions
for next-generation electronics. Materials like three-dimensional graphene-polyaniline
composites and polypyrrole hydrogels provide improved mechanical flexibility while
maintaining high capacitance. Textile-based electrodes coated with graphene and conducting
polymers enable durable and lightweight supercapacitors for wearable applications [3].

As research continues, the development of novel electrode materials, such as MXenes and
metal-organic frameworks, alongside advanced electrolytes like ionic liquids, is expected to
enhance supercapacitor performance. With increasing demand in electric mobility, consumer
electronics, and renewable energy storage, supercapacitors are positioned to complement or
even replace batteries in high-power applications, driving sustainable energy innovations [1-
3].
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3.4.9.Carnot Batteries

A Carnot battery is a thermal energy storage system that converts electricity into heat, stores
it, and later reconverts it into electricity. It is considered a promising large-scale storage
solution for balancing renewable energy fluctuations and enabling decarbonization [1]. Unlike
conventional batteries, it relies on cost-effective and widely available materials such as molten
salts, ceramic blocks, or packed-bed rocks. Electricity is first converted into heat using resistive
heating, heat pumps, or thermodynamic cycles like Rankine or Brayton cycles [2]. The heat is
stored in a medium such as molten salts, solid particles, or compressed air, chosen based on
heat capacity, cost, and stability [3]. When energy is needed, the stored heat drives turbines
or thermodynamic cycles to produce electricity.

Carnot batteries offer advantages such as scalability, geographic flexibility, and cost-
effectiveness. They integrate well with industrial waste heat recovery and district heating,
increasing overall efficiency [2]. Their long lifespan, estimated at 20-30 years, surpasses that
of electrochemical batteries [1]. However, efficiency constraints remain a challenge, as round-
trip efficiency ranges between 40% and 709%, depending on the thermodynamic cycle and
storage medium [3]. While some systems, such as Siemens Gamesa's ETES and Highview
Power’s liquid air energy storage, are in pilot or commercial operation, many technologies are
still under development [1]. Large-scale implementation requires significant infrastructure
investment, though costs are expected to decline with further advancements [2].

Current developments focus on integrating Carnot batteries with renewable power plants,
industrial processes, and hybrid energy storage solutions. Companies such as Highview Power,
Malta Inc., and Siemens Energy are advancing various configurations, including cryogenic air
storage and Brayton-cycle-based systems [3]. European and Australian projects are actively
exploring their real-world viability [1]. With further improvements in heat storage materials and
thermodynamic efficiency, Carnot batteries are expected to play a crucial role in long-duration
energy storage and grid stability [2].
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3.4.10. Flywheel (mechanical energy storage)

Flywheel Energy Storage (FES) stores energy as rotational kinetic energy using a
spinning mass powered by an electric motor [1-4]. It consists of an Energy Storage
Module (ESM) to accelerate the flywheel and an Energy Conversion Module (ECM) to
generate electricity. Key advantages include rapid response times, long cycle life, high
efficiency (80-90%), and no capacity degradation. However, downsides include noise,
sensitivity to vibrations, and relatively high self-discharge (2-20% per hour), limiting its
effectiveness for long-term storage [2,4,5]. Compared to batteries, FES enables faster
charge-discharge cycles and greater durability but retains energy for only minutes to a
few hours due to its high self-discharge rate, making it better suited for high-power,
short-term applications [2] [1-4]. While vacuum-sealed and underground installations
could help mitigate some challenges, high costs, weight, and energy density constraints
limit widespread adoption [1,5]. Their Technology Readiness Level is quite high with 8
but for short-term-storage.

For emergency response organizations, FES offers instant power stabilization, rapid
deployment, and seamless integration with renewable energy sources. Containerized
systems can be quickly transported to disaster zones, providing high-power, fast-
response energy discharge [2,4]. However, their sensitivity to movement limits their
suitability for highly mobile operations. Despite this, FES can be effectively integrated
into hybrid energy storage systems, enhancing grid stability and serving as a high-
efficiency short-term backup power source in emergency scenarios.
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4. Holistic systems and stakeholders

Based on input from Powerbase partners, inquiries received via Linkedln and our
website, as well as our own research, we have identified the following system solutions
relevant for mobile low-emission energy supply. This list includes twenty solutions both
hybrid systems and fully renewable, solutions or products.

Table 57: Overview Holistic System Provider

Product Company/ Description Link
Name Actor

Hybrid Solar
Generator
Systems

Sesame Solar
Mobile

Nanogrids
Mobile Energy
Storage
Power Vehicle
Sun Titan™
Power
Trailer
SCT-20
Mobile Solar
Generator
with Light
Towers
Hybrid Solar
Trailer
Mobile
Emergency
Response
Vehicle

The Nomad
System
Energy

Container for
Self-Sufficient
& Hybrid
Emergency

Power Supply

ContainerHyb
rid
MH 108

Mobile
Battery
Energy
Systems

PUBLIC

Volta
Energy

Sesame
Solar

Tecloman

RPS Solar
Pumps

CleanAir
Engineerin
g

Homestead
Hybrid

United
Energy

Nomad
Power

SFC Public
Security

MobilHybri
d
MobilHybri
d

Generac
Mobile

Mobile hybrid solar generators providing
sustainable energy solutions for various
applications.

Mobile solar nanogrids designed for rapid
deployment in disaster response
scenarios.

Vehicles equipped with energy storage
systems for mobile power supply.

Off-grid power plant featuring solar,
battery, and diesel backup on a trailer.

Mobile solar generator equipped with light
towers for illumination and power supply.

Solar trailer offering 12,000W output with

30kWh  storage and 11kW backup
generator.
Vehicle designed to support local

communities during emergencies with
mobile power.

Mobile energy supply units ranging from
214 kWh to 2 MWh capacities.

Energy containers providing self-sufficient
and hybrid power supply for disaster
management.

Containerized power supply offering
flexible and powerful energy systems.
Mobile hybrid power system with a 108
kWh battery storage capacity, designed
for efficient and sustainable power supply.
Mobile battery energy storage units
designed for various applications.

https://volta-
energy.com/en/hybrid-
solar-generator-
systems/
https://www.sesame.s
olar/

https://www.tecloman.
com/product/mobile-
energy-storage-power-
vehicle/
https://shop.rpssolarp
umps.com/products/of
f-grid-power-plant-
solar-battery-diesel-
backup-trailer
https://www.cleanair.c
om/product/sct-20-
mobile-solar-generator-
with-light-towers/

https://www.homestea
dhybrid.com/products
/hybrid-solar-trailer-
12-000w-output-
30kwh-of-storage
https://www.unitedene
rgy.com.au/media-
centre/new-mobile-
emergency-response-
vehicle-to-support-
local-communities/
https://www.nomadpo
wer.com/products
https://www.sfc-
publicsecurity.com/en
/energy-container-for-
self-sufficient-hybrid-
emergency-power-
supply-in-civil-
protection-and-
disaster-management/
https://mobilhybrid.de
/en/containerhybrid-2/
https://mobilhybrid.de
/en/product/mh-108/

https://www.towerlight
.com/mobile-battery-
energy/
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Hybrid Power
Systems

Solartainer

Hybrid
Solar
Generators

Bio

Hybrid
Generators

hybrid Wind-
Diesel Power
Plant (Faroe
Islands)
Genesal
Energy
Solutions
Lithium
Power Supply
(LPS) II Kit 2
with Inverter
and Panels
SmartFlower+
PLus

PUBLIC

VINCORION

Africa
GreenTec

mobilespac
e

The Green
Generators

MAN
Energy
Solutions

Genesal
Energy

Clayton
Power

Smartflowe
r

Hybrid energy systems integrating diesel
generators with battery storage and
renewable sources for emergency and
military use.

Mobile, scalable solar energy solution
providing off-grid power with integrated
storage for sustainable electricity in
remote and emergency situations.
Environmentally friendly, self-sufficient
solar trailers offering up to 45 KVA power
with integrated battery storage.

Innovative hybrid generators utilizing
solar panels, achieving up to 95% lower
fuel usage and COFemissions

Hybrid power system integrating wind
energy with diesel backup for stable and

reliable  energy supply in remote
locations.

Provides hybrid-power solutions for
emergency, industrial, and defense

applications

All-in-one lithium power system featuring
an inverter and solar panels, designed for
mobile applications like service vehicles
and off-grid operations.

It provides a powerful, fully integrated
battery system that delivers clean energy
anytime, ideal for off-grid use, achieving
up to 1009% energy self-sufficiency, and
offering reliable backup power during
outages

POWERBASE

https://www.vincorion.
com/wp-
content/uploads/2022
/04/241007_VINC_DB
_SEA_PGM_ESM_DE_DI
NA4_Web-1.pdf
https://www.africagree
ntec.com/impactprodu
cts/solartainer/

https://www.mobilesp
ace.de/en/rental/renta
[-vehicles/power-
generator
https://thegreengener
ators.com/

https://www.man-
es.com/energy-
storage/solutions/hybr
id-power
https://genesalenergy.
com/en/

https://www.claytonpo
wer.com/de/losungen/
automobilindustrie/wa
rtungsfahrzeuge/#

https://smartflower.co
m/products/?lang=de
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5. Conclusion

The initial SOTA analysis investigated a total of 36 technologies, which were categorized
into four distinct sub-types. Specifically, 11 Commercial Off-The-Shelf (COTS)
technologies and 4 Emerging Highly Promising Technologies (EHPET) were identified.
For these advanced categories, full technology fact sheets (TFS) were developed,
resulting in 14 comprehensive documents that detail each technology’s definition,
functionality, performance and relevant operational aspects. Each full fact sheet also
includes at least five relevant products along with their associated companies or, in
some cases, key stakeholders such as research and development organizations
supporting emerging technologies.

In contrast, 7 Emerging Moderately Promising Technologies (EMPET) and 10 Emerging
Lowly Promising Technologies (ELPET) were documented using concise mini fact sheets.
This resulted in 17 mini fact sheets that offer a brief overview of each technology’s
function, advantages, disadvantages, and current development activities or associated
stakeholders.

Additionally, the analysis identified 20 system solutions, integrated mobile energy
supply systems that combine different technologies and include information on the
companies involved.

A key lesson learned is the importance of establishing clear, narrowly defined functional
and performance requirements before conducting a SOTA analysis or prior art review.
Future projects should ensure that these initial requirements are defined early in the
process, as this alignment will enable a more precise and meaningful assessment of
each solution’s capabilities and better support subsequent works.

Looking ahead, these results will be presented to the POWERBASE Emergency Response
Organizations for validation. Their feedback, combined with further research on
harmonized and more specific functional and performance requirements, will be used
to refine the analysis and actor mapping in subsequent project phases. Furthermore,
the results, particularly regarding the TFS design and formats for information
presentation, should be further aligned with each other and with the specified
requirements established in T.2.4 "Capability Gap Validation (SOTA vs. Requirements)"
until M8, in the final version of the report, as well as in the subsequent final report,
D.2.5 "SOTA Report & Actors Mag in M12.
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