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Executive Summary 

This deliverable presents the final phase of Task 2.3 “State of the Art (SOTA) Review: 

Research and Existing Solutions” within the POWERBASE project, focusing on the 

identification, evaluation, and comparative analysis 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 robust 

foundation for comparing their performance metrics, operational feasibility, and 

potential deployment in emergency response scenarios. 

 

By synthesising insights from extensive literature reviews, a structured patent analysis 

and an analysis of the publication dynamics, this study has developed detailed 

technology fact sheets. These fact sheets describe technical performance, functionality, 

and logistical considerations, while also identifying relevant suppliers, research 

organizations, and innovation activities through bibliometric and patent data. The 

supplier survey provides complementary insights into the maturity and compliance of 

existing solutions, further grounding the assessment in real-world market perspectives. 

 

A key addition of this deliverable is the matching of end-user requirements, as defined 

in Deliverable D2.3, with the performance indicators of the reviewed technologies. This 

enables a capability gap analysis, highlighting where current solutions already align with 

operational needs and where further development or innovation is required.  

 

These consolidated findings provide also the final results of Task 2.4 “Capability Gap 

Validation (SOTA vs. requirements)”. By integrating technology evaluation, patent 

landscapes, supplier insights, and requirement matching, this deliverable strengthens 

the strategic foundation for future PCP activities and supports informed decision-

making for the transition towards sustainable, low-emission energy supply in emergency 

response operations. 
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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 

Existing Solutions” Together with Task 2.4 “Capability Gap Validation (SOTA vs. 

requirements)”, these activities have now been completed within the project timeframe 

from M2 to M12. 

 

The primary objective was 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, the tasks catalogued the key stakeholders involved in 

the supply and development of such potential solutions, while systematically validating 

their alignment with end-user requirements. 

 

Building on the preliminary results presented in Deliverable D2.4 “SOTA Report & Actors 

Map V1” (submitted in M5), this final deliverable (D2.5) consolidates and refines the 

findings. To enhance usability for end-users, the technology fact sheets have been 

streamlined and presented in a more concise and reader-friendly format. In addition, a 

structured patent analysis has been incorporated to provide a clearer picture of supplier 

activities and innovation trends. 

 

During August 2025, a dedicated supplier survey was carried out to capture the 

availability, scalability, and operational maturity of relevant solutions. The survey was 

explicitly structured around the requirements defined by end-users in Deliverable D2.3, 

allowing a systematic assessment of the extent to which current products already meet 

operational needs. Based on this, the requirements and product functionalities were 

matched to identify existing capability gaps. 

 

This process enables a transparent, evidence-based foundation for decision-making in 

the preparation of Pre-Commercial Procurement (PCP). By combining technology 

evaluation, patent analysis, publication dynamics, supplier insights, and requirement 

matching, Deliverable D2.5 provides the final results of Tasks 2.3 and 2.4, delivering a 

comprehensive basis for subsequent procurement steps and informed strategic 

planning. 

1.2. Definition of SOTA-Analysis 

Although a substantial body of literature exists on SOTA-analyses, there is no unified 

definition or standardised methodology. Within POWERBASE, a SOTA is defined as a 

structured synthesis of the most advanced developments in a given technology domain. 

It systematically reviews and evaluates recent research, innovations, and practices to 

identify benchmarks, strengths and limitations, and emerging trends. This approach 

aligns with the six-step framework by [1], which emphasises that SOTAs are not just 

descriptive but interpretive syntheses, highlighting evolution, gaps, and future 

directions. 

 

The SOTA in POWERBASE serves to inform practitioners, procurers, and decision-

makers about technological advancements and to prepare procurement by mapping key 

stakeholders, from commercial suppliers to research organizations. A detailed 

description of the applied SOTA methodology is provided in Deliverable D2.4. Building 

on this, the current deliverable extends the analysis by integrating patent data, supplier 
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feedback, and requirement matching, with a focus on mobile, low-emission electricity 

solutions for ESs and BoOs. 

1.3. Analysing Components: Energy generation, conversion 
and storage 

In emergency response operations the difference between having or lacking dependable 

power often determines the safety and effectiveness of response. POWERBASE positions 

mobile, low-emission micro-power systems for Emergency Response Organizations 

(EROs) to replace or complement diesel sets. Within this context, three foundational 

concepts, energy generation, energy conversion, and energy storage, structure how 

technologies are selected and integrated for resilient field power.  

Technical Note: 

Energy is the capacity to do work or produce heat; it accumulates over time and is 

measured in joules (J) or kilowatt-hours (kWh). Power is the rate at which energy 

is generated, converted, or consumed; it is measured in watts (W), where 1 W = 1 

J·s⁻¹. 
For sources and storage, distinguish power capacity (kW: how fast energy can be 

delivered) from energy capacity (kWh: how much total can be delivered).  

 

In microgrids, PV or generators provide power (kW) at any moment, batteries store 

energy (kWh), and power electronics convert form/voltage — losses in conversion 

reduce the energy ultimately delivered. 

Energy generation: 

Energy generation (in electricity contexts, “power generation”) is the production of 

electrical power from primary energy; for example, sunlight, wind, flowing water, 

chemical fuels, geothermal heat, or nuclear fission (see Figure 1).  

“Power generation is defined as the process of converting energy from one form to 

another to produce electricity, utilising methods such as thermal, hydro, and nuclear 

systems.” [2] 

“An electric generator is a device that converts a form of energy into electricity.” [3] 

In practice, most generation devices use a conversion step (e.g., a heat engine driving 

a generator, a PV module turning photons directly into DC electricity, or a fuel cell 

turning chemical energy to electricity). The defining feature is that generation adds net 

energy to the local system boundary by drawing on a primary source. Typical 

technologies include portable photovoltaic (PV) arrays and solar trailers; compact wind 

turbines; engine-generator sets (diesel, natural gas); hydrogen fuel cells; and 

microturbines.  
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Figure 1: Different theoretical types of energy generation.  

Energy conversion: 
Energy conversion is the transformation of energy from one form to another 

(mechanical <-> electrical, chemical <-> electrical, thermal <-> mechanical, etc.). 

• “Energy conversion refers to the process of changing energy from one form to 

another, while adhering to the principle of conservation of energy, which states that 

the total amount of energy remains constant during such conversions.”[4] 

• “Energy conversion, the transformation of energy from forms provided by nature to 

forms that can be used by humans”[5] 

•  “In technology, energy conversion generally refers to operations in which energy is 

made more usable; for instance, in the burning of fossil fuels to convert chemical 

energy into electricity. Among the forms of energy that can be converted are 

chemical, atomic, electrical, mechanical, light, potential, pressure, kinetic, and heat 

energy.”[6] 

Energy conversion is most generally the transformation of energy from one form to 

another; for example, chemical → electrical, electrical → mechanical, or thermal → 

mechanical (see Figure 2). This broad, physics/engineering definition appears across 

scholarly and educational references (e.g., 4,6,7). In this view, conversion is 

bidirectional wherever physics permits: the same pair of technologies can often run 

“forward” or “reverse” (motor <-> generator, electrolyser <-> fuel cell), and electricity 

can be converted onward to other useful forms such as hydrogen (via electrolysis), light 

(LEDs), or heat (resistive heaters, heat pumps). 

A second, more resource-to-service framing, common in energy-systems overviews (e.g., 

[5]), emphasises transformations from forms provided by nature to forms useful to 

humans. Typical examples are sunlight or wind → electricity, or chemical energy in fuels 

→ mechanical work and then electricity via generators. This perspective is helpful when 

mapping primary resources to end-use energy, but it can obscure the equally important 

“reverse” or lateral conversions inside engineered systems (electricity → hydrogen for 

storage and later reconversion, electricity → photons for lighting and signalling). 

Within POWERBASE we will use the general definition: “the transformation of energy 

from one form to another”. An important aspect is: Conversion does not create energy; 

it changes form while obeying conservation of energy. What matters for design is 

efficiency (fraction delivered in the target form). 
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Figure 2: Different types of energy conversion 

Electrical power conversion is the deliberate adapting and shaping of electrical power 

so that sources, storage, and loads work together safely and efficiently. Using power 

electronics (and some passive parts), the system adjusts voltage, current, frequency, 

phase, and waveform to what the equipment needs (see Figure 3). 

In practice this includes: 

• DC <-> AC: inverters and rectifiers (e.g., battery/PV DC to 230 V, 50 Hz AC; or 

AC back to DC for charging). 

• DC <-> DC: converters that step voltage down or up and control current to match 

devices and battery buses. 

• AC <-> AC: changing voltage or frequency between different AC standards.  

• Regulation & isolation: transformers and regulators that stabil ise voltage and 

provide electrical isolation for safety and power quality. 

 

Figure 3: Different electrical power conversions 

Overall, we have two types of conversions: the resource-to-usable conversions, for 

example, turning a PV array’s DC output into grid-compatible AC, and internal 

“matching” conversions within the power unit, where the source is tailored to exactly 

what a load requires. Additionally, there are broader energy conversions across domains 



 

15 

 

PUBLIC 

which includes converting electricity into hydrogen with an electrolyser for later use, 

ensuring safe, efficient operation across all connected devices.  

Energy storage: 
Energy storage captures energy now for use later, balancing variable supply and 

changing demand. In mobile emergency power, storage keeps critical devices on during 

brief outages (ride-through), trims short load spikes (peak shaving), can start a 

microgrid from zero (black start), and improves power quality (stable 

voltage/frequency). It also enables “silent hours” with generators off.  

Common classes by stored form: Electrochemical (e.g. lithium-ion batteries) as the 

workhorse for hours of supply. Electrical (e.g. supercapacitors) for very fast bursts 

(seconds). Mechanical (e.g. flywheels) for short, high power; larger stationary options  

include pumped hydro or compressed/liquid air for long duration. Thermal (e.g. hot-

water tanks and phase-change materials) store heat or cold for later use; converting this 

back to electricity requires an additional conversion step. Chemical carriers (e.g. 

hydrogen) made by electrolysis stores energy for days to months and is reconverted via 

fuel cells (see Figure 4). 

 

Figure 4: Different forms of energy storage. 

Here’s a process description (see Figure 5) that ties together the three functions used 

in POWERBASE (generation, conversion, and storage) for an emergency shelter or base 

of operations: 

Step 1 — Energy generation from renewables. 
For example, portable photovoltaics (PV) or suitable, small wind or clean fuel cells 

provide the primary energy. PV produces DC electricity that varies with sunlight; fuel 

cells provide steady DC when fuel is available. In addition, conventional fuel -based 

generators, such as diesel or other commercially available fuels, may also serve as 

primary energy sources, either as a backup option or as part of hybrid system 

configurations. 

Step 2 — Energy conversion for immediate use or storage.  
As power is generated, it is conditioned by power electronics to ensure safe and reliable 

use in the shelter. In the direct-use path, for example, electricity from photovoltaics is 

converted from fluctuating DC into stable 230 V AC to operate radios, light ing, IT 

equipment, or medical refrigerators. In the storage path, excess electricity is directed 

to the battery system, where it is stored for later use. The same inverter/charger ensures 

safe charging and protects both the batteries and connected devices.  
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Step 3 — Supply during non-generation periods. 
When generation is low or unavailable (e.g., at night for PV), the battery energy storage 

system discharges and the inverter/charger convert that DC back to the required AC/DC 

for the shelter. This covers night operations and enables quiet hours with the generator 

off, while maintaining power quality (stable voltage and frequency) and supporting 

black-start if needed. 

Optional surplus-to-fuel conversion. 
When there is excess renewable power, energy conversion can also produce chemical 

energy for long-duration storage or later use elsewhere, for example, driving an 

electrolyser to make hydrogen. That hydrogen can be transported or stored and later 

reconverted to electricity with a fuel cell, extending autonomy and improving logistics.  

 

In practice, a small islandable microgrid controller coordinates these flows, priorit ising 

direct use, topping up storage, shifting to discharge when needed, and engaging 

surplus-to-fuel only when conditions are right, so the shelter remains powered, low-

emission, and resilient. 

 

Figure 5: POWERBASE process of energy generation, storage and conversion.  
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2. Methodology and procedure 

2.1. Overview of the methodology 

To support evidence-based procurement preparation, we conducted a structured State-

of-the-Art (SOTA) analysis to identify, evaluate, and validate mobile low-emission power 

solutions for Emergency Shelters (ESs) and Bases of Operations (BoOs), ensuring thei r 

alignment with the operational requirements of European Emergency Response 

Organizations (EROs).” Methodologically we followed a six -step pathway based on [1] 

 

• Define scope & questions – focus on mobile low-emission power solutions for 

BoOs and ESs. 

• Set timeframe – assess current solutions and emerging options up to 2035. 

• Refine questions – concentrate on electricity generation, conversion, and storage 

(excluding heating/cooling and demand-side measures). 

• Systematic search strategy – combine practitioner input, research project 

results, literature reviews, and partner contributions. 

• Comprehensive analysis – review literature and product data, evaluate feasibility, 

maturity, and market status, and develop technology fact sheets (TFS).  

• Validation & gap identification – align findings with ERO needs, identify gaps, 

and prioritise technologies for further investigation. 

 

The full methodological description and detailed results of steps 1–5 are presented in 

Deliverable D2.4, while Deliverable D2.5 builds on these foundations with final 

validation results and capability gap analysis (T2.4). 

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 categorised and subsequently organised 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 practical relevance, practitioner input from Emergency Response 

Organizations (EROs) was integrated from the start. THW experts contributed early 

insights during the proposal phase, helping to identify potential technologies. At the 

Kick-Off Meeting, PEROs highlighted further solutions, such as AutRC’s photovoltaic 

“Sunflowers” and MSB’s renewable energy systems for shelters in Africa. During 

WS2, discussions on operational requirements expanded the range of options, 

including PV panels, batteries, solar tents, electric vehicles, seawater batteries, 

printable units, and methane-based storage. These contributions ensured that 

scenario and requirements workshops not only defined needs but also pointed to 

promising technological solutions. 
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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, REMULES1 (KIRAS), 

NOMAD2, Suninbox, 3CHeaP4, Schneeberger5, REACH6, RenGen7, MobileBattery8, 

SophiA9, and H2Rescue10. 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 INDY11 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 summarising 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) [8–10], the International 

Renewable Energy Agency (IRENA) [11–13], the European Commission’s Joint 

Research Centre (JRC) [14] and Fraunhofer [15–17]. 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 LinkedIn 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 categorised 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 arose from the tight 12-month project timeline, which required 

the State-of-the-Art (SOTA) analysis to run in parallel with the definition of end-user 

requirements. While preliminary assumptions were made early on, the requirements of 

the Emergency Response Organizations (EROs) were systematically identified through 

workshops and surveys. The final, consolidated version of these requirements was 

published in Deliverable D2.3 “End-User Requirements.” 

 

  

 

 
1 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 
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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The requirements were structured into the following categories:  

 

• Functionality 

• Efficiency 

• Performance 

• Scalability 

• Interoperability 

• Components to be fed (specific) 

• Resistance 

• Availability / Maintenance 

• Applicability / Staff Handling 

• Safety & Security 

• Logistics / Transportation 

• Sustainability / Multi-Use 

• Standards / Procedures 

• Financial Aspects 

• Potential solution approaches 

 

These categories served as the basis for aligning the identified technologies with 

operational needs, guiding the development of Technology Fact Sheets (TFSs), and 

ensuring relevance for subsequent capability gap analysis and procurement preparation.  

 

2.2.3. Literature review 

The process combined a literature review (Web of Science, Springer Nature, Google 

Scholar) and targeted keyword searches covering the past three to five years to ensure 

up-to-date insights. Publications were analysed to understand functionality, advantages 

and disadvantages, and to identify challenges and ongoing research (see Figure 6). 

 

In parallel, market studies and industry reports were reviewed to assess 

commercialization potential, adoption, and key suppliers. Integrating scientific findings 

with market data provided a well-rounded view of technological progress and economic 

relevance. This structured approach enabled systematic filtering and prioritization of 

relevant technologies, laid the groundwork for their presentation to EROs in WS4, and 

supported the development of the Technology Fact Sheets. 

 

 
Figure 6: Methodology to identify the list of technologies for POWERBASE 
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Based on this analysis, the technologies were broadly classified into four categories  (see 

Table 1). 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) 

▪ Emerging lowly promising technologies (ELPET) 

 
Table 1: Final list of Technologies 

COTS technologies Emerging highly 
promising 
technologies (EHPET) 

Emerging moderately 
promising technologies- 
(EMHPET) 

Emerging lowly 
promising 
technologies (ELPET) 

Crystalline Silicon 

Solar Cells 

Wave-energy 

converters  

Perovskite and tandem 

solar cell 

Small modular nuclear 

reactors  

Thin Film Panels 

(second 

generation) 

Sodium-Ion Batteries Airborne wind & kites Tidal Energy 

Generators  

Small -Hydro 

Generators 

Metal Hydrides for 

Hydrogen Storage 

Solid-state wind energy 

technologies 

Pedal-Powered 

Generators 

Small Wind 

Turbines 

Solid-state batteries  Lithium Sulphur batteries Liquid organic 

hydrogen carriers 

Lithium-Ion 

Batteries 

 Metal-Air Batteries E-Fuels 

Hydrogen Storage  Hydrogen internal 

combustion engines 

E-Ammonia 

Flow-batteries  Methanol Methanol 

Hydrogen Fuel 

cells 

  Compressed Air 

Energy Storage 

(CAES) 

Electrolysers 

Hydrogen 

  Super capacitators 

Micro gas turbines 

(MGTs 

  Carnot Batteries (CB 

Biomass and waste 

to Biogas 

  Flywheel (mechanical 

energy storage) 

Methanol-based 

energy systems 

   

2.3. Structure of the Solution Catalogue (technology fact 
sheets) 

Chapter 3 presents the Technology Fact Sheets (TFSs), each evaluating an individual 

technology relevant to low-emission energy supply systems for BoOs and ESs. For 

example, a solar panel qualifies as an individual technology because it generates 

intermittent electricity and requires complementary storage and conversion solutions.  

 

For each of the COTS technologies and emerging highly promising technologies 

(EHPETs), a full TFS has been developed. For the remaining emerging technologies 

(EMPETs and ELPETs), Mini-technology fact sheets have 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 

prioritises COTS technologies and EHPETs, because these solutions require significantly 

less effort to adapt to emergency response scenarios and their unique requirements.  
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In response to end-user requests, the TFSs have been shortened in comparison to their 

first version in D2.4 to provide a more accessible and reader-friendly overview. Each 

fact sheet now includes: 

 

• Technology Functionality – Provides a concise but technically sound description 

of how the technology works and what it delivers (e.g. power generation, storage, 

conversion). This section establishes the core principle and key performance 

features so that later matching with end-user requirements is straightforward. 

• State of the Art and Market Analysis – Summarises the current development 

stage, technical maturity, recent innovations, and market trends. This includes 

cost developments and patent/publication activity to indicate whether the 

technology is commercially available, emerging, or still experimental. 

• Stakeholders and Actors – Identifies the main industrial players and research 

organisations active in developing or supplying the technology. This section gives 

and overview of the top global market leaders derived from market studies and 

the project’s own patent analysis. This section presents also example products 

from market leaders and other representative solutions, including options 

available on the European market or products that illustrate the range of 

configurations and those that appear particularly suitable for disaster and 

emergency management. 

• Practical Implications for End-Users – Translates the technical and market 

findings into operational relevance. It outlines deployment conditions, logistics, 

maintenance needs, training requirements, and safety considerations to help 

emergency response organisations assess feasibility in real-world missions. 

 

This streamlined format ensures that practitioners can quickly grasp the potential and 

limitations of each technology while maintaining the necessary detail for capability gap 

analysis.  

 

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.  

 

As already described in Chapter 1, emergency response organizations generally require 

an integrated system composed of multiple components such as energy generation, 

storage, and conversion. 

Several systems that combine two or more of these components are already available 

on the market, although they are not yet specifically tailored to the operational 

requirements of Emergency Shelters and Bases of Operation. In Chapter 4 and 5, we 

present selected examples of such multi-component systems to illustrate current 

market offerings and their potential for adaptation to emergency response needs.  

2.4. Patent Analysis 

To complement the State-of-the-Art (SOTA) analysis, a patent analysis was carried out 

to map key suppliers and research and technology organisations (RTOs) and to 

understand how actively each technology is being developed worldwide and within 

Europe. Beyond identifying the most advanced technological solutions, the goal was to 

show which actors (commercial companies as well as RTOs) are driving innovation, how 

strong Europe’s position is, and whether the technology is still in an intensive research 

phase or already reaching maturity. 

 

The methodological approach applied to each technology combined keyword-based 

searches and iterative refinement. Initially, keywords were identified based on previous 
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results, and a preliminary search query was constructed in Patbase (one of the leading 

patent databases) to find relevant patents for the respective technology that would serve 

as the basis for the analysis. Subsequently, the IPC and CPC classes in the results were 

inspected to ensure that the search query was precise and targeted. If necessary, the 

search query was adjusted, including by narrowing down the classes to increase the 

relevance of the results. In the next step, the search results were evaluated in bullet 

points. Special attention was paid to abbreviations and general terms that could 

potentially affect the quality of the results. This evaluation was repeated several times 

until the search results matched the technology sought. To further enhance relevance, 

the results were restricted to active patents (patents whose rights are active), which 

helped to consider only the most current and relevant information. Another important 

aspect of the methodology was the extraction of the main patent holders or applicants 
of the patent families (multiple patents related to the same invention are grouped under 

families). This enabled the identification of the central players in this field. To obtain a 

more comprehensive picture, the main offices of the applicants were identi fied at the 

country and continent level. The results were then visualised using R to provide a clear 

representation of the data. Finally, a search for publications was conducted with a 

slightly modified search query, retaining only the relevant keywords. In assessing the 

results, it can be said that a large number of patents and publications indicate that the 

topic has been or is being intensively researched. A declining publication dynamic 

further suggests that the technology has reached a high level of maturity and is no 

longer primarily addressed in scientific discourse. 

 

The patent analysis delivers the following key outputs for each technology:  

 

• Top patent families – a ranking of the leading patent families by applicant, 

including the country of origin, with continents (Asia, Europe, North America) 

colour-highlighted for quick geographic comparison. 

• European focus – a separate diagram showing the same ranking restricted to 

European applicants only. 

• Market leaders – identification of the five global market leaders and a list of 

significant European companies active in the field. 

• Publication dynamics – a timeline graph illustrating scientific publication 

activity, indicating whether the technology is still heavily researched or has 

passed its peak and reached a higher maturity level. 

 

These combined insights reveal not only the technological landscape but also the 

strength and regional distribution of innovation actors, supporting evidence-based 

decisions for procurement and future research investments. 

2.5. Supplier Survey 

From 6 to 22 August 2025, a supplier survey was conducted to assess the availability 

and maturity of sustainable, low-emission, and compact energy supply technologies that 

could serve as alternatives to diesel generators in emergency response and field 

operations. 

For the supplier survey the consortium relied on the supplier contact base established 

during the Open Market Consultation (OMC) activities. As described in Deliverable D3.2, 

a comprehensive list of technology providers was compiled during the preparation and 

execution of the OMC workshops and technology showcases. 

Suppliers were invited to register through the POWERBASE website following the 

publication of the Prior Information Notice on TED and the OMC scope document. 

Contact details were collected in compliance with GDPR and used to disseminate 
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information about the OMC events, the Request for Information (RFI) questionnaire, and 

related activities. 

The resulting database, comprising companies that had expressed interest in the project 

and/or participated in OMC events, served as the primary source of contact addresses 

for the supplier survey. In addition to the OMC supplier list, further contacts were added 

through the market research carried out for the preparation of the technology fact 

sheets. This supplementary research identified market leaders and other relevant actors 

in the renewable energy and energy-storage sectors, whose contact details were 

integrated into the survey mailing list to ensure a broader and more representative 

coverage of the market. 

The survey instrument was based on the technical and functional requirements defined 

in the Emergency Response Organisation (ERO) analysis and documented in Deliverable 

2.3. The survey is based on 14 main requirement categories, many of which include 

additional sub-categories and a Supportive/Additional Statement on “Functional / 

Performance Requirement”: 

1. The system generates electrical energy from renewable or renewable-based 

sources (e.g., solar, wind, bio-based, or hybrid combinations) in proximity to the 

base of operation or emergency shelter. 

2. The system includes an integrated solution for storing energy at the base of 

operation or emergency shelter to ensure reliable power availability for required 

use.  

3. The system includes a smart integrated energy management and distribution 

solution capable of coordinating energy generation, storage, and output in real -

time, ensuring optimised operation according to varying energy demands, being 

remotely controlled and enabling monitoring. 

4. One system provides sufficient electrical power output for an entire Base of 

Operation or Emergency Shelter for at least 15 persons at all times during the 

ongoing operation with different demands. 

5. The system includes energy conversion components e.g. chemical to electrical 

energy with a low-emission and efficient approach.  

6. The system is designed for rapid deployment and transport in emergency  

response operations, where space, weight, and handling capacity are limited. 

Therefore, it must be compatible with commonly used logistics and transport 

methods of emergency response organizations (modularity).  

7. The system remains fully operational and robust under a wide range of 

environmental conditions, including extreme weather events such as high winds, 

heavy rain, dust, hail, and temperature extremes. 

8. The system is designed for low-maintenance operation in field conditions, 

enabling sustained use during emergency deployments with minimal technical 

intervention. It allows for easy access to serviceable components, support quick 

replacement of parts using standard tools, and enable maintenance tasks to be 

performed by non-specialised personnel on site without the need for specialised 

infrastructure. 

9. The system is designed for rapid, intuitive installation and operation in the field 

by non-specialised personnel. It supports plug-and-play functionality, requiring 

minimal setup steps, no complex configuration, and enabling safe and immediate 

use of energy outputs. The design facilitates deployment under time pressure 

and in challenging conditions, with clear visual indicators, standardised 

connections, and an interface that supports error-free operation. 

10. The system is designed to enable safe setup, operation, and basic maintenance 

by non-specialised personnel, while allowing trained personnel to perform more 

advanced tasks with minimal training. Training requirements shall be limited in 

duration  
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11. The system is designed to support modular scalability, allowing multiple units 

to be interconnected in order to increase total power output and energy capacity. 

The system maintains operational stability and coordinates energy management 

when scaled to meet the demands of larger micro-grids. 

12. The system is designed to minimise noise emissions during all modes of 

operation to ensure compatibility with sensitive environments such as resting and 

sleeping areas. Noise levels remain low enough to avoid disturbing personnel and 

affected populations. 

13. As a preferred feature, the system is designed in accordance with circular 
economy principles and sustainability goals. This includes the use of recyclable 

or reusable materials, modular components for easy disassembly and repair, and 

consideration of low environmental impact across the entire lifecycle—from 

production and deployment to end-of-life disposal. Solutions that minimise 

resource consumption and promote long-term environmental performance are 

highly valued. 

14. The system is designed and operates to ensure the safety of personnel, 
equipment, and the surrounding environment during all phases of deployment, 

transport, installation, operation, and maintenance. It prevents hazards such as 

electric shock, fire, explosion, mechanical injury, and environmental 

contamination under both normal and foreseeable fault conditions. 

The supplier questionnaire was structured around these 14 categories, with only two 

specific requirements combined under the overarching category Safety:  

• “The system is designed to enable safe setup, operation, and basic maintenance by 

non-specialised personnel, while allowing trained personnel to perform more 

advanced tasks with minimal training. Training requirements shall be limited in 

duration.” 

• “The system is designed and operates to ensure the safety of personnel, equipment, 

and the surrounding environment during all phases of deployment, transport, 

installation, operation, and maintenance. It prevents hazards such as electric shock, 

fire, explosion, mechanical injury, and environmental contamination under both 

normal and foreseeable fault conditions.” 

From these adjustments, the supplier survey was ultimately structured around the 

following 13 categories: 

1. Renewable Energy Source 

2. Integrated Generation, Conversion & Storage 

3. Power Output 

4. Smart Energy Management 

5. Use of Commercial Fuels 

6. Rapid Transport & Deployment 

7. Intuitive Setup & Operation 

8. Operation in Harsh Environments 

9. Low-Maintenance Operation 

10. Safety 

11. Modularity & Scalability 

12. Noise Emissions 

13. Environmental Sustainability 

The requirements were subsequently converted into yes/no questions, ensuring that 

suppliers encountered clear and easily understandable items in the survey, which they 

could answer with yes or no for their product or products.  
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The complete list of these questions is as follows: 

• Q1: Does your system generate electrical energy from renewable energy sources? 

• Q2: Does your product combine energy generation, conversion, and storage?  

• Q3: Does your system include a smart energy management system? 

• Q4: Is one unit of your system sufficient to power a standard emergency base of 

operations (approx. 10–15 kW continuous load)? 

• Q5: Does your energy conversion system support at least one commercially 

available fuel (e.g., bio-based fuels, hydrogen, methanol, or sustainable synthetic 

fuels)? 

• Q6: Is your system designed for easy transport? 

• Q7: Easy transport specifics: Product fits on an EU pallet 

• Q8: Easy transport specifics: Product is carriable by max. four persons  

• Q9: Is your system designed for rapid deployment? 

• Q10: Rapid deployment specifics: Product is suitable for air cargo deployment  

• Q11: Rapid deployment specifics: Product is suitable for deployment on 

commercial aircraft 

• Q12: Can your system maintain full functionality under harsh environmental 

conditions (e.g., heat, humidity, dust)? 

• Q13: Is your system designed for low-maintenance operation and easy servicing 

in the field? 

• Q14: Is your system designed for rapid, intuitive setup and operation by non-

specialised personnel in emergency conditions? 

• Q15: Does your system ensure the safety of personnel, equipment, and the 

environment throughout all phases of use (deployment, transport, installation, 

operation, maintenance)? 

• Q16: Can your system be expanded or scaled up by adding modular components?  

• Q17: Is your system designed to operate with minimal noise emissions? (e. g., 

dB(A)) 

• Q18: Is your system designed in accordance with circular economy principles and 

environmental sustainability? (e. g., recyclable, repairable, emission 

free/reduced) 

To systematically reflect the responses, a traffic-light evaluation scheme was applied. Each 

answer was translated into a color-coded rating according to predefined thresholds: 

• Red (non-compliant): requirement not covered (e.g. “No”, insufficient capacity, 

excessive noise, or “Not applicable”). 

• Yellow (partially compliant): requirement partly covered, unclear, or insufficiently 

specified. 

• Green (compliant): requirement reported as covered (self-declared), indicating 

alignment with the thresholds defined in Deliverable 2.3. 

The results of the survey therefore provide initial insights into solution providers and their 

technologies. On the basis of this condensed requirement set, promising solutions could be 

identified for more detailed analysis in a potential next round. These will be subject to weighted 

requirement assessment and further technical and operational validation. 
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3. Technology fact sheets 

3.1. Commercial of the Shelf technologies 

3.1.1. Crystalline Silicon Photovoltaic Cells 

  

Status: Market available 

Key words: Photovoltaic (PV); Solar-energy; C-Si PV 

 

Summary 

Crystalline Silicon Photovoltaic Cells provide a reliable and efficient renewable 

energy solution for various applications. Their high efficiency and durability make 

them appear suitable for both permanent and mobile power generation. Key 

advantages include high efficiency, scalability, and relatively low maintenance. 

However, C-Si PV systems require significant space, have high initial costs, and 

depend on sunlight, necessitating and inverter and energy storage solutions for 

continuous power supply. 

I. Technical Function and Description 

Crystalline Silicon (C-Si) Photovoltaic (PV) Cells convert sunlight radiation directly into 

electricity using the photovoltaic effect. When light hits the silicon, it excites electrons, 

forming electron-hole pairs [18–21]. These are separated by an internal electric field at 

the junction of p-type and n-type silicon, generating voltage and current when connected 

to an external circuit [21] . At present, crystalline silicon PV cells the is most dominant 

PV -technology. 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 application, including in sunny remote areas. 

The performance of C-Si 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 (see 

Table 2). Two primary variants of c-Si wafers are used: monocrystalline and 

polycrystalline, each produced via a distinct method. Although polycrystalline 

production is simpler and cheaper, monocrystalline technology has become dominant 

because polycrystalline wafers typically have lower efficiency and higher fragility, giving 

monocrystalline wafers an overall performance advantage [22,23]. This technology 

similar to other electricity generating technologies requires a converter (such as 

inverters, DC/DC, AC/DC units) is needed. Thin and foldable C-Si PV designs are 

possible, but their flexibility is limited. Both foldable and semi-flexible C-Si PV designs 

also carry a higher risk of damage compared to rigid, thicker, conventional PV panels.  

  



 

27 

 

PUBLIC 

Table 2: Performance Metrics for C-Si-PV 

Metric/Property Value per Module 

Power Output (W) 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) [18,22,24] ,  

130-210 W/m² under commercial conditions [23] 

Transport/Logistics EU pallet compatible: Fits if stacked vertically; weight under 1500 kg;  

Carryable by 4 people: All subcomponents can be modularised below 120 kg 

➔ 72 cells configuration panel (20–25 kg [25] ca.11 kg per m²    

➔ 11.6 kg/m² 

Cargo aircraft transport: Fully feasible 

Commercial passenger aircraft: Only feasible for compact or special ised kits 

Operational 

Robustness/ 

Durability 

indicatively aligned with environmental robustness requirements subject to 

validation, especially regarding inverter altitude/heat performance  

Maintenance appear to be compatible with low-maintenance emergency deployment standards. 

They require only basic upkeep, support 24/7 autonomous use, and are modular 

for efficient in-field repair and support. Operational validation is required. 

Rapid, Intuitive, and 

Safe Field Deployment 

as modular emergency kits, C-Si-PV appears suitable for the criteria for safe, 

rapid, and intuitive deployment by lightly trained field teams, even under time 

pressure or harsh conditions 

Training likely suitable for rapid, scalable deployment with minimal training burden, 

offering intuitive operation for non-specialists and short onboarding for trained 

personnel 

Modularity and 

Microgrid use  

paired with compatible hybrid or off-grid inverters C-PV cell appear highly suitable 

for scalable micro-grid setups 

Acoustic Performance low-noise inverters and proper thermal design, suggests compliance with all 

specified acoustic limits, making them ideal for sensitive environments such as 

sleeping quarters 

Circular Economy 

Principles 

The C-Si-PV technology is partially aligned with circular economy principles, 

offering high recyclability, modular design, and long-term environmental 

performance (e- g- glass /aluminium). Some challenges remain with polymer 

recycling. 

Safety Safety labeling and operational guidance are consistent with relevant EU and IEC 

norms 

*STC are standard laboratory conditions 

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

Recent advancements in C-Si 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 [18,26]. 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 utilising a 

broader light spectrum [18,26]. Heterojunction cells combine amorphous and 

crystalline silicon to reduce surface recombination, achieving higher efficiencies 

[18,26]. 

 

The C-Si PV market continues to show dominance on the global solar industry, with 

silicon wafer-based PV technology accounting for approximately 97% of total production 

in 2023 [18] (for product examples and providers see Table 3 & 4). particularly China, 

which dominates over 95% of wafer and ingot production, 86% of module 

manufacturing, while Europe and North America contribute only to the total production 

2% each [18]. However, the high concentration of manufacturing reliance of key-

components (including inverters) 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.  
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In general, we can see a market shift from subsidy driven to competitive pricing model. 

Owing to this price development, the International Energy Agency already proclaimed 

already in 2020 that it is now the “cheapest source of new electricity generation in most 

parts of the world” and the “cheapest source of electricity in history” [27]. This is 

particularly relevant for remote areas like rural regions with no connections to the grid 

and sufficient sunlight. Considering current market, deployment, and research trends, 

the technology is expected to become even cheaper, and when combined with other PV 

technologies and energy storage systems (addressing intermittency issues), it will be 

more efficient and competitive. Owing to this fact, in the near term, no other single 

renewable technology currently combines cost and maturity as effectively as C-Si PVs 

and their technical improvements e.g. with perovskite tandem cells. Other options, such 

as wind, hydro, or marine power, remain relevant as complementary solutions. Despite 

higher upfront costs, C-Si PV systems with lithium-ion storage are expected to reach 

cost parity with a 15-kVA diesel generator in roughly two years of continuous operation.  

The analysis of patent data for crystalline silicon photovoltaic cells indicates that the 

field is predominantly driven by patent activity in China. An exception is the 

Commissariat à l'énergie atomique et aux énergies alternatives in France, which stands out 

with 34 active patent families, significantly more than any other organisation. From 

Germany, only the Helmholtz-Zentrum Berlin, Green Roofs Planitka, and BASF SE hold a 

single patent family each. 

The number of scientific publications in this area rose around 2010 but has shown a 

slight and steady decline since then, suggesting that the topic is no longer at the 

forefront of scientific debate. Both the number of patents and publications are 

approximately 700, classifying crystalline silicon photovoltaics as a relatively small 

research field (see Annex 1). 

 
Table 3: Global market key providers for Crystalline Silicon Photovoltaic Cells [28] 

Company Headquarters (Country) 

SunPower Corporation USA 

JinkoSolar Holding Co., Ltd. China 

JA Solar Holdings Co., Ltd China 

Canadian Solar Inc. Canada 

Trina Solar Ltd. China 

 
Table 4: Examples for related products 

Product Seller Link 

EcoFlow 160 W portable solar 

panel 

Ecoflow Link 

BLUETTI PV350 Foldable solar 

panel 

BLUETTI Link 

SOLARWATT Panel vision M 5.0 Solarwatt Link 

Eco Line N-Type HJT GG BiF M13 

up to720Wp 

Luxor Link 

Vertex S+ 450 - 510 W+ Trinasolar Link 

Dragon Wings Southern Beams Link 
Solbianflex panels-Custom-made 

C-Si panel 

SOLBIAN Link 

 

  

https://de.ecoflow.com/products/160w-portable-solar-panel
https://de.bluettipower.eu/products/sp350?variant=41882847871154
https://www.solarwatt.com/solutions/our-products/product-overview/panels
https://www.luxor.solar/de/solar-module/eco-line-ntype-hjt/glas-glas-bifacial-solar-module.html
https://static.trinasolar.com/de/product
https://www.dragonwings.co/
https://www.solbian.eu/en/content/29-custom-panels?_gl=1*5e4dpx*_up*MQ..*_ga*MjAzNTgxMDI0OC4xNzQwMzA2MjY5*_ga_FWBBRBJNZX*MTc0MDMwNjI2OC4xLjAuMTc0MDMwNjI2OC4wLjAuMA..
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III. Implications and Considerations for Emergency Response Organizations  

C-Si photovoltaic systems provide emergency response organizations with a highly 

efficient, scalable, and fuel-independent source of no-emissions, quiet, and low-

maintenance energy, especially suitable for rapid deployment in disaster zones with 

constrained fuel logistics or compromised infrastructure, without the noise or fuel 

dependency of traditional diesel generators. 

From a logistical and deployment standpoint, C-Si PV systems must be securely 

transported by air or land, often under time pressure. While more fragile than diesel 

generators, they can be packed modularly for transport via cargo planes or helicopters 

[29]. Commercial passenger aircraft are only feasible for transporting compact or 

specialised kits. Field deployment can typically be completed within hours, in remote 

or off-road areas (depending on the numbers of panels and mounting system), with 

systems typically mounted on structures transported to these locations or constructed 

from local materials, then placed on stable surfaces and oriented for optimal  sunlight. 

Operationally, the systems require minimal upkeep, mostly routine cleaning and 

inspections, and can be monitored remotely or managed by personnel trained in a few 

hours [30]. Integration with battery storage or backup generators ensures continuous 

energy availability during night-time or cloudy periods, addressing the intermittent 

nature of PV- technology. Site-specific considerations such as dust, snow, and shading 

must be managed, and load prioritization protocols should be in place to safeguard 

power delivery to critical services.  

Safety and security measures are vital. Installation risks, including electrical hazards, 

are mitigated through proper training and standardised procedures. Panels should be 

anchored securely to resist extreme weather and located in areas that reduce the risk 

of theft or vandalism [31]. Weather-resistant materials and tamper-resistant mounting 

systems, commonly used for conventional rigid panels, enhance reliability and physical 

security, while ongoing monitoring ensures operational safety in diverse environments 

[ibid-]. 

In terms of societal acceptance and ethics, C-Si PV systems are generally well received 

due to their quiet operation and visible sustainability benefits, especially compared to 

wind turbines. However, concerns persist regarding land use, since they require  more 

space than diesel generators, along with waste handling and supply chain ethics [32]. 
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3.1.2. Thin-Film Photovoltaic 

  

Status: Market available  

Key words: Solar, Second-generation (2G), 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 appear promising 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, decentralised 

energy make a relevant solution for POWERBASE.  

I. Technical Function and Description 

Thin-film photovoltaic (TFPV) devices represent the “second generation” of PV cells. 

Instead of sawing 200 µm-thick crystalline-silicon wafers, TFPV is produced by 

depositing ultra-thin semiconductor layers, only a few nanometres to tens of 

micrometres thick, onto rigid or flexible substrates such as glass, metal foil, or plastic 

[33–35]. This layer-by-layer approach, achieved through techniques like sputtering, 

evaporation, or solution processing, allows precise tailoring of each functional layer for 

maximum performance. Although they can also be deployed as rigid more conventional 

PV panels (such as crystalline-silicon PV), we focus on the main advantage of TFPV 

technology: Its rollable formats (see Table 5). 

All TFPV stack contains five key layers that can in different orders [36]. The substrate 

supplies mechanical support. A transparent conducting oxide (TCO) follows, doubling 

as the front electrode while admitting light [37–40]. Next, a very thin window (buffer) 

layer forms a low-resistance heterojunction with the absorber layer—the core region 

where incoming photons create electron-hole pairs. An internal electric field in the 

absorber separates these charges, pushing electrons toward the TCO and holes to the 

rear, thereby generating voltage [41]. A reflective metal back contact collects the holes 

and recycles unabsorbed light [36,41]. 

Because the active material is coated directly onto the substrate, TFPV modules are 

lightweight, bendable, and can be monolithically interconnected during fabrication, 

simplifying wiring compared with crystalline-silicon panels [37–40]. The drastic 

thickness reduction cuts material use and permits roll-to-roll production, enabling rapid 

scale-up. 

The resulting benefits; mobile, low weight, flexibility, mechanical resilience and 

comparable robustness (in comparison to thin crystalline-silicon PV), make TFPV a 

suitable solution for building-integrated photovoltaics, portable electronics, vehicles, 

and tent tarpaulin. However, they can also be rolled out easily to cover large areas, 

highlighting their rapid-installation capability off-grid. 

There are three different subtypes of TFPV: 1) Amorphous-silicon (a-Si) thin films are 

ultra-light, highly flexible and tolerate diffuse light, yet their module efficiency is the 

lowest (≈9–13 %) and falls further due to light-induced degradation, so large surface 

areas are needed [36]. 2) Copper–indium–gallium–selenide (CIGS) devices achieve the 

highest laboratory efficiency of any thin film (~21 % on single cells) and maintain strong 
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output in heat and shade while remaining compatible with bendable substrates; the 

trade-offs are reliance on scarce indium/gallium, toxic selenium compounds in 

production and a relatively complex, costlier process [Ibid]. 3) Cadmium-telluride 

(CdTe) technology is manufactured by a simple, low-temperature sequence that delivers 

the lowest cost per watt and the current commercial module efficiency record (≈16 -20 

%) [Ibid]. Its downsides are cadmium toxicity, concerns over limited tellurium supply 

and the fact that most CdTe modules are built on rigid glass, restricting flexibility 

undermining the key benefit of TFPV-technology.  

If transport is difficult and speed of deployment is critical, flexible copper -indium-

gallium-selenide (CIGS) on metal or polymer foil is usually the best choice. It arrives in 

lightweight, rollable reels that fit into small cargo spaces, can be unrolled and adhered 

directly to roofs, tents or curved structures in minutes, and, unlike amorphous-silicon, 

its higher efficiency keeps the required surface area. Hence, CIGS appear to be the most 

promising subtype in the context of Powerbase, subject to confirmation of performance 

and logistics in field trials. 

The analysis of patent data in the field is predominantly driven by patent activity from 

Asia (notably China, Japan, and Taiwan). Among the top 20 patent applicants are also 

two U.S.-based companies, First Solar Inc. and Applied Materials Inc., as well as Saint -

Gobain from France. Further down the ranking are German companies such as Schott 

AG and CTF Solar GmbH. 

With nearly 3,500 patents, the topic appears to be relatively well -researched. This is 

also reflected in the scientific literature: following a surge in publications between 2010 

and 2015, academic interest has declined markedly over the past decade (see Annex 

1). 

 

Table 5: Performance Metrics for Thin-Film PV 

Metric/Property Value per Module 

Power Output (W) 91 W (A-sil)-216 W CIGS per m² under Standard testing conditions (STC) 

(under operational sunny conditions 80% of STC output) [36] 

Transport/Logistics Highly favourable for logistics: lightweight rolls (low -weight small space) that ship 

cheaply with minimal breakage risk, while glass 

Operational 

Robustness/ 

Durability 

Appear as relatively robust in harsh environments and survives drops and 

scratches and flexing far better than glass-framed crystalline panels 

Maintenance Reported to be low for A-sil. Clear debris off the panels is needed to help them stay 

efficient. Have the entire system serviced regularly to keep it running at optimal 

efficiency [42,43] 

Rapid, Intuitive, and 

Safe Field Deployment 

Flexible TFPV sheets can typically be rolled out and connected intuitively within 

minutes 

Training Mostly reported as “plug-and-play” compatible, thanks to their uniform 30–50 V 

blocks and widespread inverter support,  

Modularity and 

Microgrid use 

Pairable with other technologies or scaled up with “plug-and-play” thanks to their 

uniform 30–50 V blocks and widespread inverter support 

Acoustic Performance Low, can whistle under strong winds flexible sheets may flap in up to 50–60 dB(A) 

Circular Economy 

Principles 

Low: Thin-film PV has a quick energy payback and modest material use, but its 

circular-economy performance is limited by shorter lifetimes, scarce-metal 

dilution, and still-immature recycling infrastructure 
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Safety TFPVs are lighter and avoids glass cuts, yet still carries high-voltage shock risk 
and can release trace heavy-metal dust when damaged, so gloves and proper e-
waste disposal remain essential 

 

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

Current trends in TFPV R&D focus on increasing efficiency, reducing material use, and 

enabling flexible, lightweight applications (for product examples and providers see 

Table 6 & 7). Advances include roll-to-roll manufacturing, optimised bandgap grading, 

and integration with perovskites for tandem cells exceeding 21% efficiency. Their 

durability and flexibility make it ideal for building integration [44], portable electronics 

and vehicles with curved spaces [45].  

CdTe and CIGS dominate the thin-film PV market due to their low production costs and 

high efficiency. Their continued growth is supported by scalable manufacturing and 

diverse applications, though reliance on rare materials like cadmium, tellurium, indium, 

and gallium poses supply risks [45]. China, the U.S., and Japan are key players in the 

supply chain, with First Solar leading in CdTe and a more fragmented market for CIGS, 

including several European manufacturers [45]. However, comparing it to regular C-Si 

PV, the thin-film market remains relatively small, with competitiveness limited to niche 

applications. 

 
Table 6: Global market key providers for Thin-Film Photovoltaics [46] 

Company Headquarters 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 7: Examples for related products 

Product Seller Link 

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 Flexible 

Solar Panel Film ETFE Waterproof 

DIY 

Moolsun Link 

Renowise CIGS Solarbuy.com /RENOWISE Link 

Mobile solar tents, solar canopies 

& solar sails (no specific product 

names) 

pvilion Link 

Mobile solar tents, solar canopies 

& solar sails (no specific product 

names) 

Tarpon Solar Link 

Rollable Solar Panels PowerFilm Solar Link 

 

  

https://www.pvxchange.com/Solar-Modules/First-Solar/FS-387-3-black_1-2109104-2
https://www.renogy.com/renogy-150-watt-cigs-monocrystalline-solar-panel/?srsltid=AfmBOorFLOj9nJYL9o7utbCdqyiNz0viosyNdA1KsHRHAAF9IkHX2sRA
https://de.bougerv.com/products/yuma-100w-cigs-flexible-solar-panel-with-adhesive
https://moolsunpower.com/collections/cigs-solar-panel/products/80w-rollable-cigs-flexible-solarpanel
https://solarbuy.com/de/product/renowise-cigs-thin-film-solar-panel-etfe-coating/
https://www.pvilion.com/products/
https://tarponsolar.no/bruksomr%C3%A5der
https://www.powerfilmsolar.com/products/rollable-solar-panels
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III. Implications and Considerations for Emergency Response Organizations  

TFPV systems may offer significant logistical advantages for emergency response 

operations due to their lightweight and flexible form factors. Their ability to fold and be 

compactly packaged reduces volume and eases handling, allowing efficient transport 

even in areas with poor infrastructure. Modules can be delivered via drones, all-terrain 

vehicles, or helicopters, and smaller units can be carried by individual responders. To 

prevent damage during air transport from pressure changes, humidity, or temperature 

extremes, robust protective casing and shock-absorbent packaging are essential.  

TFPV systems are designed for rapid deployment, allowing integration directly onto 

tents12, shelters, or vehicles without complex mounting structures. Their flexibility 

enables secure attachment using adhesives, Velcro, or integrated fasteners, which 

simplifies setup and accelerates energy access in critical zones. In remote or 

infrastructure-poor environments, adhesive-backed panels or portable mounting frames 

can be used to establish power sources quickly. Minimal tools and moderate training 

make TFPV installation efficient and scalable, which is essential during time-sensitive 

disaster response. 

Once installed, TFPV panels require limited maintenance, mainly involving periodic 

cleaning to remove dust or moisture and preserve energy yield. Their low degradation 

rates and ability to endure typical outdoor conditions contribute to reliable operation.  

However, flexible panels can be more prone to physical damage compared to thick rigid 

alternatives with additional protective layers, particularly under extreme environmental 

stress. Basic training in handling and maintenance practices ensures longevity and 

optimal performance, with modular designs allowing seamless integration into broader 

power systems with storage components. 

Deploying TFPV in emergency zones demands attention to safety risks like electrical 

hazards during installation, which can be mitigated through training and use of Personal 

protective equipment like gloves. Security is another concern, as lightweight, portable 

panels are susceptible to theft in remote locations. Surveillance systems, secure 

fencing, and GPS tagging are effective deterrents. Additionally, weather events such as 

hail or storms pose a risk to exposed panels; therefore, temporary deinstallation and 

storage during severe weather could be planned for system protection for long-term 

robustness. 

While direct studies on social acceptance of TFPV are limited, it is likely to mirror the 

generally favourable perception of conventional solar technologies. Positive acceptance 

is likely, due to its clean energy profile and non-intrusive deployment, especially when 

compared to wind installations. However, concerns over the use of toxic materials like 

cadmium and lead raise ethical considerations regarding environmental impact and 

end-of-life disposal. 

 
 

   

 

 
12 Depending on requirements by trent provider / there might be restrictions on additional 

load etc. 
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3.1.3. Small Hydro Generators 

  

Status: Market Available / Research & Development 

Key words: Small Hydro, Run-of-River, Head, Decentralised Hydropower, 

Micro Hydro Systems,  

 

Summary 

Small Hydro Generators (SHGs) are compact hydropower units that generate 

electricity from low to medium head water flows. Their performance depends on 

water flow (Q) and vertical head (H), and common turbine types include Kaplan and 

Pelton. SHGs can be deployed rapidly, where suitable hydrological conditions exist. 

They operate without fuel and can be integrated into hybrid systems. Their low 

environmental impact, high efficiency, and suitability for decentral ised off-grid 

energy systems, could mark SHGs as valuable for resilient power supply, especially 

in remote and/or mountainous regions. 

I. Technical Function and Description 

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 categorised 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 [47,48]. Unlike large-scale hydropower, which often requires 

significant infrastructure such as dams and reservoirs, small -hydro systems can operate 

without large water storage, minimising environmental disruption [48,49]. 

Typical systems operate with heads between 2–50 meters and flows from 0.1 to 10 m³/s 

(see Table 8). Depending on site conditions, Pelton, Francis, or Kaplan turbines are 

used [47,50]. Most small hydro systems include generator designs rated for 10–500 

kVA, often air-cooled and optimised for flow variation using fixed-blade or Kaplan-type 

turbines [51]. Run-of-river designs eliminate the need for large reservoirs, reducing 

environmental impact. Systems can be grid-connected or operate in island mode, 

providing base load or backup power for villages, industrial sites, and emergency 

facilities. Efficiency ranges from 70–90% depending on design and maintenance 

[48,49]. Technological advances include modular turbine-generator sets, standardised 

containerised systems, and improved remote monitoring. Some setups integrate with 

solar or battery systems for hybrid microgrids [49,50]. Compact systems are often 

installed in remote or mountainous terrain, operating autonomously with minimal 

intervention potentially for decades (20–50 years) [52,53]. 
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Table 8: Performance Metrics for Small Hydro Generators 

Metric/Property Value per Module 

Power Output (W) Varies by scale: pico (<5 kW), micro (5–100 kW), mini (100 kW–1 MW), small (1–10 

MW) [47,53,54] 

Transport/Logistics Modular containerised units available; scalable deployment in remote/off -grid 

areas [55,56] 

Operational 

Robustness/ 

Durability 

Systems can be containerised or trailer-mounted for field deployment [50,56] 

Maintenance Operable off-grid; often used in hybrid or microgrid settings [52,54] 

Rapid, Intuitive and 

Safe Field Deployment 

Run-of-river systems can be intermittent; storage solutions enhance stability . 

Deployment speed is strongly dependent on the local hydrologic conditions (flow 

rate Q and head H). The appropriate turbine technology must be preselected 

according to these site parameters; true “rapid” field installation is therefore 

limited to well-suited locations. [47,50] 

Training Typically low compared to larger hydro, though operational demands (sediment 

management, maintenance) require specific technical training [48,54] 

Modularity and 

Microgrid use  

Long lifespans (>25 years); tested in harsh rural settings [52,56] 

Acoustic Performance Sensitive to water variability, but newer systems integrate buffering or storage 

[48,50] 

Circular Economy 

Principles 

Depending on design, maintenance, and material quality ; evidence limited on 

recyclability or modular reuse [53,54] 

Safety Low noise; suitable for sensitive environments [55,56] 

 

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

SHGs are evolving in the last decade through innovations in compact turbine design, 

modular deployment, and smart grid compatibility (for product examples and providers 

see Table 9 & 10). Efforts focus on reducing civil infrastructure needs via prefabricated 

intakes and penstocks and enhancing adaptability through containerised or skid-

mounted units. Constraints include permitting, sedimentation, and seasonal flow 

variability. However, hydro potentials in canals and water supply lines are increasingly 

explored [53].  

The development of Internet of Things (IoT)-enabled hydro systems provides 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 [56]. Additionally, Artificial Intelligence (AI) and machine 

learning models are being utilised to optimise water flow management, enhancing 

efficiency while minimising energy loss. These AI-driven systems automatically adjust 

turbine settings based on real-time flow conditions [53]. 

Increased Government investment, policy support and climate funding (e.g. GCF, EU 

Green Deal) drive SHG expansion as a sustainable alternative to diesel generation in 

rural electrification [48].  

Global players include Voith, Andritz Hydro, and GE Renewable Energy. In the micro-

hydro segment, smaller companies like Turbulent (Belgium), PowerSpout (New 

Zealand), and Smart Hydro Power (Germany) offer plug-and-play systems. Market 

growth is projected at 2.5–3% annually until 2030, with increasing relevance in 

decentralised grids [57–59]. 

The topic SHGs has over 10,000 active patent families and can thus be classified as a 

large research topic. The leading patent applicants come from Russia and China, while 

Germany is represented far behind by Voith Patent GmbH. In comparison to the patents, 

there are relatively few publications, which have also been decreasing annually since 

around 2017 (see Annex 1). 
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Table 9: Global market key providers for Small Hydro Generators [57–59] 
Company Headquarters (Country) 

Voith Hydro Germany 

Andritz Hydro Austria 

GE Renewable Energy USA 

Bharat Heavy Electricals Ltd.  India 

Siemens Energy Germany 

Canyon Hydro USA 

 
Table 10: Examples for related products 

Product Seller Link 

Turbulent Micro Hydro Turbulent Link 

Smart Hydro Power Turbine Smart Hydro Power Link 

PowerSpout LH PowerSpout Link 

Waterotor 

WET-x 

Waterotor Link 

Idénergie 

River Turbine 

Idénergie Link 

Different Types Suneco Hydro Link 

 

III. Implications and Considerations for Emergency Response Organizations  

SHGs can provide reliable electricity where hydrological conditions are favourable (e. g. 

in in water-rich remote areas). Many modern systems can be airlifted, transported via 

light trucks, or assembled on-site within days, streamlining logistics and enabling rapid 

field deployment [48]. This makes them viable for emergency response operations, 

especially in mountainous disaster zones [53]. Once installed, SHGs provide 

autonomous, low-maintenance baseload power independent of fuel logistics, though 

seasonal flow variation and sedimentation may affect year-round reliability [50]. To 

enhance operational resilience, systems now feature corrosion-resistant materials, self-

cleaning intakes, and automated emergency shutoffs [50]. Their low noise emissions 

and environmental impact may be suitable for ecologically sensitive or densely 

populated settings. Paired with batteries, they ensure 24/7 availability and cover peak 

demands. Environmental considerations are addressed through run-of-the-river setups 

that avoid large-scale habitat disruption and through community involvement in site 

planning to ensure local support [47,53]. Their long service life (>25 years) makes them 

sustainable for long-term reconstruction and rural development. However, feasibility 

depends on hydrology, topography, and regulatory factors. Emergency planners must 

pre-identify suitable sites or integrate SHGs in early-stage reconstruction planning.  

  

https://www.turbulent.be/technology
https://www.smart-hydro.de/renewable-energy-systems/prices-hydrokinetic-photovoltaic/
https://www.powerspout.com/collections/powerspout-turbines
https://waterotor.com/products/
https://idenergie.ca/en/home/
https://www.sunecohydro.com/hydro-turbines/
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3.1.4. Small Wind Turbines 

  

Status: Market available / in Research and Development 

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

wind turbines, microgrid integration 

 

Summary 

Small Wind Turbines (SWTs) are decentralised renewable energy systems typically 

rated below 100 kW, used to provide electricity in remote, hybrid, or grid-connected 

settings. By exploiting wind energy, they contribute to carbon footprint reduction, 

energy independence, and resilience in energy supply. Due to their relatively low 

cost, mechanical simplicity, and scalability, SWTs can be suited under favourable 

wind conditions for use in microgrids, off-grid homes, telecom towers, agricultural 

systems, and emergency deployments.  

I. Technical Function and Description 

Small Wind Turbines (SWTs) are defined as wind energy systems with a capacity of up 

to 100 kW, designed for localised energy production (see Table 11). Different sub-types 

of SWTs include horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines 

(VAWTs) [60]. HAWTs are the more traditional design, featuring a horizontal rotor axis 

and typically higher efficiency in steady wind conditions. They achieve higher efficiency 

in rural or open areas with consistent wind flows. VAWTs, on the other hand, vertical 

rotor axis, suit in urban environments with turbulent or multi -directional wind flows. 

VAWTs may often be more compact and quieter (acoustic levels range from 40–65 

dB(A)), which fit them for residential and urban applications, suitable for sensitive or 

residential zones [60–64]. 

Small wind turbines operate by converting wind energy into electrical energy through 

different interacting components. Rotor blades capture wind energy by rotating parallel 

and drive the generator. This generator converts this mechanical energy into electr ical 

energy. Direct-drive generators are increasingly preferred for their reduced maintenance 

and higher efficiency [60]. To optimise wind capture, a tower is used, especially in need 

for HAWTs. 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 [63,65]. Inverter and 

control systems regulate power output and are typically designed to allow compatibility 

with other energy systems. Maximum Power Point Tracking (MPPT) systems are often 

used to optimise energy output under variable wind conditions [62]. 

Table 11: Performance Metrics for Small Wind Turbines 

Metric/Property Value per Module 

Power Output (W) Typical: 300 W – 100 kW; Common: 1–10 kW [61] 

Transport/Logistics Lightweight (20–500 kg); modular kits; mobile trailer setups exist [62] 

Operational 

Robustness/ 

Durability 

Reported design life: 15–25 years; robust in winds up to 50 m/s [66] 

Maintenance Low; annual visual inspections, bolt tightening, lubrication [60] 

Rapid, Intuitive, and 

Safe Field Deployment 

Can be installed within a day under favourable conditions; installation time may 

vary depending on terrain and resources; no concrete needed for some mobile 

systems [62] 

Training Basic electrical/mechanical skills; intuitive setup with manuals [66] 

Modularity and 

Microgrid use  

High; compatible with hybrid PV/diesel systems [67] 

Acoustic Performance 40–65 dB(A) depending on turbine type and wind speed [63,64] 
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Circular Economy 

Principles 

Recyclable materials (aluminium, composite blades); long lifetime [60] 

Safety Built-in overspeed brakes, lightning protection, and tilt-up masts [66] 

 

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

Trends and developments are in design and components. The 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 can support more stable output under variable wind conditions, enhancing reliability 

during mission-critical operations [61,64,67]. Manufacturers increasingly offer systems 

bundled with solar PV and battery storage for microgrids. Some SWTs now include 

GSM/Wi-Fi telemetry for diagnostics. 

Trends include blade pitch control, auto-furling, and modular plug-and-play 

architectures [60,62,66]. The aerodynamic performance of blades can be optimised using 

advanced air foils which are distributed scientifically along the blade radius to improve 

performance. These air foils maximise lift-to-drag ratios (LDRs) and enhance energy capture 

even in low Reynolds number environments [62,63,66]. Additionally, material selection for 

blade durability is critical, as exposure to environmental stresses can lead to surface corrosion. 

Protective coatings, such as anti-corrosion epoxy layers, are being integrated to ensure 

longevity under harsh conditions  [65]. Novel blade manufacturing techniques, including 

additive manufacturing and fibre composites, aim to further improve structural reliability and 

reduce production costs [64,67]. 

A small number of firms (Ryse Energy, Uprise Energy, Bornay, Windside) dominate the 

market (for product examples and providers see Table 12 & 13). Emerging applications 

include offshore platforms, EV charging, and telecom relay power. Global growth is 

projected at 6–8% annually due to demand for clean, resilient distributed energy 

systems [63,65]. 

Only a limited number of patents related to SWTs have been identified, the majority of 

which originate from Asia. The low volume of scientific publications may indicate that 

the technology is either not well represented within the academic research landscape 

or comprises several distinct technological components that are investigated 

separately, thereby complicating the identification of relevant literature (see Annex 1). 

Table 12: Global market key providers for Small Wind Turbines [68,69] 
Company Headquarters (Country) 

Ryse Energy UAE/UK 

Bergey Windpower Co. USA 

SD Wind Energy UK 

Aeolos Wind Energy Finland 

Wind Energy Solutions Netherlands  

superwind Germany 

 
Table 13: Examples for related products 

Product Seller Link 

Aeroleaf™ New World Wind Link 

Uprise Energy Mobile Power 

Station 

Uprise Energy Link 

SD Wind Energy SD6 SD Wind Link 

Bornay 6000 POWERACU Link 

E-3 – E-60 Ryse Energy Link 
Halo 6.0 Ducted Turbine Halo Energy Link 

 

https://www.newworldwind.com/our-products
https://upriseenergy.com/performance
https://sd-windenergy.com/small-wind-turbines/sd6-6kw-wind-turbine/
https://www.poweracu.com/wind-turbines/bornay-wind-turbine-6000-w-48v-3-blades-with-digital-controller-b6000-48.html
https://www.ryse.energy/wind-turbines/
https://www.halo.energy/project-gallery-page
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III. Implications and Considerations for Emergency Response Organizations  

SWTs provide rapid and fuel-free energy solutions in disaster zones, field operations, 

and emergency shelters. Deployable systems with trailer or tilt-up towers are field-ready 

within hours, requiring minimal infrastructure [61]. Their low acoustic footprint and no-

fuel operation make them suitable for sensitive settings [63,65]. Hybrid SWTs with solar 

and storage offer stable output and lower diesel dependency [62,63,66]. SWT systems 

support communications, refrigeration, water pumping, and medical operations during 

blackouts [61,67,70]. Recent trends point to increased use of SWTs in defence logistics 

and mobile humanitarian infrastructure, especially in conflict or disaster -prone regions 

[61,71]. Limitations include dependence on wind resource quality, required technician 

skills, and mechanical maintenance cycles. Nevertheless, in moderate wind zones, they 

offer reliable, sustainable alternatives to fossil backup generators [64]. 
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3.1.5.  Lithium-Ion Batteries 

  

Status: Market available 

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. Technical Function and Description 

Lithium-Ion batteries (v) are rechargeable electrochemical energy storage systems that 

operate by shuttling lithium ions between an anode and a cathode. Unlike disposable 

batteries based on irreversible reactions, LIBs allow for repeated charge and discharge 

cycles [72]. Their high energy density, lightweight design, and long lifespan make them 

widely deployed in both mobile electronics and stationary energy systems (see Table 

14). Their transformative impact was recognised with the 2019 Nobel Prize in Chemistry 

[72]. 

A LIB pack consists of multiple cells, grouped into modules and assembled into battery 

packs. For high-power applications like electric vehicles (EVs), thousands of cells may 

be used [73,74]. Each cell includes an anode (usually graphite), a cathode (varies by 

chemistry), a liquid electrolyte, and a separator [75]. Standard cell voltage ranges from 

2.5 to 4.2 V [76]. 

 

Key Cathode Chemistries: 

• NMC (Nickel Manganese Cobalt Oxide): Widely applied in EVs and grid storage 

for its balance of energy density (150-250 Wh/kg), power, and cycle life. Higher 

nickel boosts energy but reduces thermal stability [77–79]  

• NCA (Nickel Cobalt Aluminium Oxide): Is reported to reach high energy densities 

(210–600 Wh/L) and is used in long-range EVs. However, is reported to have 

lower thermal stability and demands precise thermal management [80] 

• LFP (Lithium Iron Phosphate): Has lower energy density (220–250 Wh/L) but are 

generally regarded as safer and thermally more stable, though with lower energy 

density, thermal stability, and long cycle life. Widely used in stationary storage 

and entry-level EVs [78,79] 

• LMO (Lithium Manganese Oxide): Has been applied where fast ion diffusion is 

advantageous, though it has lower energy density (100–150 Wh/kg) and faster 

degradation. Often blended with NMC in hybrid cathodes [77] 
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Table 14: Performance Metrics for LIBs 
Metrics/Property Typical Values for a Pack 

Power Output (W) LMO (Lithium Manganese Oxide) can provide comparatively high-power output (up to 

~5,000 W/kg) due to fast ion diffusion, though it suffers from faster degradation. 

LFP (Lithium Iron Phosphate) provides a balanced performance (~2,000–3,000 

W/kg), combining good power capability with excellent thermal stability and safety. 

NMC/NCA chemistries are optimised for energy density and have moderate power 

output, making them suitable for long-range EVs rather than high-power applications 

[81,82] 

Transport/Logistics A portable lithium-ion battery system with a total mass of up to 150  kg can deliver 

power outputs in the range of approximately 300–500  kW, particularly when using 

high-power NMC or LFP cells with good thermal management. In contrast, container -

based lithium-ion systems can deliver several MW of power, making them suitable for 

grid storage, renewable energy buffering, or fast-charging infrastructure [83,84] 

Operational 

Robustness/ 

Durability 

Lithium-ion batteries exhibit high operational robustness, particularly when advanced 

cathode materials (e.g., NMC, LFP) and optimised manufacturing processes are used. 

Durability is strongly influenced by cell chemistry, operating temperature, and 

structural integrity of components, with LFP batteries demonstrating particularly 

strong resistance to thermal and mechanical degradation [79,80] 

Maintenance Lithium-ion batteries are characterised by low routine maintenance needs due to 

integrated Battery Management Systems that handle most diagnostics and control 

functions. However, in high-demand or long-term storage systems, regular monitoring 

of temperature, voltage stability, and predictive software-based analysis remains 

essential for optimising performance and safety [78,79] 

Rapid, intuitive, 

and safe field 

deployment 

Modern lithium-ion battery systems, especially in containerised or modular formats, 

are designed for relatively rapid deployment through integrated battery management 

systems, pre-configured modules, and standardised thermal safety mechanisms. 

These features enable efficient, secure installation even in remote or mobile 

applications such as microgrids or temporary power supply [84,85] 

Training Training requirements for lithium-ion battery systems depend on application 

complexity. For modular or containerised systems, operator training typically ranges 

from one to three days and includes basic safety procedures and BMS operation. 

Systems designed for mobile or grid use often emphasise intuitive interfaces to reduce 

training demands [84,85] 

Modularity and 

Microgrid use 

Modular lithium-ion battery systems are suitable for microgrid applications due to 

their scalability, standardised interfaces, and ease of deployment [84] 

Acoustic 

Performance 

Lithium-ion battery systems are generally regarded as low-noise under normal 

operation, producing minimal audible noise. Any acoustic emissions primarily 

originate from cooling fans in large storage units or mechanical cell stress, which 

remain below thresholds of human annoyance [86,87] 

Circular Economy 

Principles 

Lithium-ion batteries are increasingly integrated into circular economy strategies 

through second-life applications and advanced recycling technologies [88] 

Safety Lithium-ion battery safety is primarily threatened by thermal runaway and fire risks 

due to overheating, overcharging, or mechanical abuse. To mitigate these hazards, 

modern systems employ robust thermal management, advanced separators, and 

intelligent battery management systems to detect faults early and maintain safe 

operation [89,90] 

 

II. 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 [91]. Consequently, commercial availability has 

increased, although regional access can vary depending on local manufacturing 

capabilities and supply chain logistics (for product examples and providers see Table 

15 & 16). Pricing for LIBs has generally been on a downward trajectory, mainly due to 

technological advancements, economies of scale, and heightened competition among 

manufacturers [91]. 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.  
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The field of LIBs is characterised by a high volume of both patents and scientific 

publications. In addition to the dominant Chinese patent applicants, Robert Bosch 

GmbH has filed over 300 patents, while BMW AG, the Volkswagen Group, and BASF SE 

have each contributed more than 100 patents. 

Lithium-ion batteries are already deployed in a wide range of applications, which 

contributes to the diversity of the research landscape. The field remains the subject of 

active scientific investigation and continues to receive significant research attention and 

support (see Annex 1). 

Table 15: Global market key providers for Li-ion-battery [92] 

Company 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. 

LG Energy Solution (LG 

Chem) 

South Korea EV & energy storage batteries, focus on NCM (Nickel 

Cobalt Manganese) chemistry, strong global 

partnerships. 

Panasonic Corporation Japan  EV & consumer electronics batteries, specialises in 

NCA (Nickel Cobalt Aluminium) chemistry, Tesla’s 

key supplier 

Tesla Inc. United States of America EV & energy storage batteries, partners with 

Panasonic & CATL 

 
Table 16: Examples for related products 

Product Seller Link 

EcoFlow DELTA Pro 3 Portable Powerstation 

(LFP & human-portable) 

Ecoflow Link 

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

BLUETTI AC300 (human-portable) Solarwatt Link 

Battery Mobile X (Container LFP) Alfen Link 

TPS HV 80 (Container, NMC) TESVOLT Link 

 

III. Implications and Considerations for Emergency Response Organizations  

Lithium-ion batteries (LIBs) may provide a promising storage option for emergency 

response organizations, especially when integrated into hybrid systems (e. g. with diesel 

generators or renewable energy sources). In such configurations, LIBs can reduce fuel 

consumption, emissions, noise, and maintenance needs compared with diesel -only 

operation, making them well-suited for temporary field deployments. Nevertheless, their 

use requires careful planning regarding logistics, safety, and operational reliability. 

 

Transporting LIBs is subject to strict international regulations due to fire hazards. Cargo 

flights are permitted under conditions, while commercial flights impose limits (max. 

160 Wh per battery) [85]. Proper packaging, labelling, and stable site selection with 

minimal environmental risk are crucial. Battery swapping could reduce local downtime 

and improve logistics near the grid [93]. This approach involves replacing depleted 

batteries with fully charged units but requires trained personnel and transport 

infrastructure. LIBs are also more modular and customizable than diesel generators, 

enabling scalable deployment.  

Safety is a core concern, especially under extreme temperatures, vibrations, or poor 

maintenance. Risks such as thermal runaway, overcharging, and internal short circuits 

may cause fires or explosions. Mitigation measures include battery management 

systems (BMS), stable chemistries like LFP, and improved thermal protection designs 

[89]. Environmental stressors like dirt, humidity, and vibration can affect performance 

and lifespan. Therefore, shock protection, thermal management, and scheduled 

maintenance (including inspections for swelling or leakage) are critical. Personnel 

training and compatibility with camp infrastructure are also key for reliable operation 

[72]. Despite these advantages, geopolitical and ethical concerns persist. China 

https://de.ecoflow.com/products/delta-pro-3-portable-power-station
https://www.ankersolix.com/de/products/a1790-f3800?variant=54665101803869
https://de.bluettipower.eu/products/ac300-b300?srsltid=AfmBOopG_EJ7m5Ez9gJRFARAEn2f9nHIjhoCPn61lYDcbWkiX7QYA6uc
https://alfen.com/thebattery-mobile
https://www.tesvolt.com/en/products/e-series/tps-hv-80-e.html
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dominates the supply chain for LIB components, increasing dependency risks [94]. 

Resource extraction in countries like the DRC and South America raises issues of child 

labour, water use, and Indigenous land rights [95–97]. 

Recycling, lifecycle management, and avoiding planned obsolescence remain critical 

challenges for long-term sustainability [98]. 
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3.1.6. Hydrogen Storage 

  

Status: Market available  

Key words: H2  

 

Summary 

Hydrogen Storage is frequently positioned as a key element in the development of a 

hydrogen economy. Among the various storage methods, compressed hydrogen 

(CGH₂) and liquid hydrogen (LH₂) are two of the most widely used options, each 

offering distinct advantages and challenges. Both approaches are commercially 

available but differ significantly in infrastructure needs, cost, and operational risks. 

Compressed hydrogen relies on high-pressure containment (typically 350–700 bar) 

to achieve sufficient energy density, but at the cost of significant energy consumption 

for liquefaction and boil-off losses. 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 gravimetric energy density and long-term 

storage capability (while volumetric density remains significantly below liquid fuels) , 

position it as a potential solution under appropriate conditions. The technology's 

potential impact on emergency operations is significant, though this requires 

specialised logistics and trained personnel. 

I. Technical Function and Description 

Stored hydrogen refers to hydrogen gas that has been captured and maintained for later 

use as an energy carrier. Key storage technologies include compressed gaseous 

hydrogen (cGH₂) in high-pressure tanks (200–950 bar), liquid hydrogen (LH₂) at -253°C, 

underground storage (e.g., salt caverns), and material-based methods like hydrides or 

LOHCs. Each method differs in cost, efficiency, and scalability [99] (see Table 17). 

The main advantage of hydrogen storage lies in its high energy density and long-term 

stability; however, volumetric density remains low compared to liquid fuels and 

batteries. Liquid hydrogen offers superior gravimetric energy density, while compressed 

gas enables faster deployment. Underground storage is particularly cost-effective for 

large-scale applications [99]. In disaster relief, hydrogen can serve as a clean, zero-

emission power source for medical units, communication, and water systems in off -grid 

areas. 

Hydrogen storage is considered a core enabling function for the hydrogen economy, with 

compressed gaseous hydrogen (cGH₂) and liquid hydrogen (LH₂) being the most 

common options. cGH₂ uses high-pressure tanks (typically 350–700 bar), allowing 

moderate energy density and fast refuelling. LH₂ is cryogenically cooled to -253°C, 

offering higher volumetric energy density, though requiring significant energy for 

liquefaction and facing boil-off losses [100,101]. 

 

Compressed Hydrogen Storage 

Compressed hydrogen is widely used in mobility, industry, and renewable integration. 

Storage vessels, often made from metals, polymers, and carbon fibre composites, 

support pressures up to 700 bar [102]. Key benefits include quick access, light weight, 

and high gravimetric energy density (33 kWh/kg), which supports decarbonization 

efforts [101]. 

However, compression consumes 13–18% of hydrogen’s energy [101] and safety is a 

concern due to embrittlement from hydrogen diffusion into tank materials [102]. This 

requires advanced materials and protective coatings [101]. Despite these issues, CH₂ 
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remains a technically mature solution, though high costs for advanced tanks still hinder 

widespread use [100,101]. 

To address limitations, research is focusing on stronger, lightweight materials, better 

pressure regulation, and system cost reductions [100]. 

 

Liquid Hydrogen Storage 

LH₂ involves cooling hydrogen to -253°C to achieve liquid form. This method boasts high 

gravimetric energy density (2.7× that of gasoline) and is ideal for aerospace, heavy 

transport, and large-scale storage [100,103]. Storage typically occurs in double-walled, 

vacuum-insulated tanks [103]. 

The high volumetric density of LH₂ enables compact systems for long-range transport 

and high-energy applications [103]. Yet, liquefaction consumes up to 33% of hydrogen’s 

energy, and boil-off losses remain significant, especially for near-term emergency use 

[101,104]. U.S. DOE targets 10% boil-off loss after 30 days [101]. 

Infrastructure for LH₂ is complex and costly. Cryogenic tanks require multilayer 

insulation and vacuum systems. Specialised handling systems and refuelling stations 

are needed, and materials must withstand thermal stress and hydrogen embrittlement 

[100,101]. 

Ongoing research focuses on enhancing liquefaction efficiency, developing better 

insulation, and creating hybrid systems combining LH₂ with other storage methods to 

reduce losses [100]. 

Table 17: Performance Metrics for compressed and liquid hydrogen 

Metric/Property Value per unit 

Energy density Compressed hydrogen achieves a volumetric energy density around 4–5 MJ/L. Its 

energy efficiency is reduced by ~13–18 % due to compression-related losses. 

Liquid hydrogen offers very high gravimetric energy density (~119  MJ/kg, LHV), 

but due to its low density, the volumetric energy density is only ~8–10  MJ/L, 

significantly lower than typical liquid fuels [105,106] 

Transport/Logistics Tube‑trailer systems (MEGCs) typically consist of clusters of high-pressure 

cylinders arranged in modular trailers. Trailer length ranges from  6–16  m, able to 

carry up to ≈1  t H₂ [107]. Liquid hydrogen is transported in cryogenic 

tank‑containers typically built to 40  ft ISO standard dimensions (≈  12.2  m × 2.44  m 

× 2.59–2.55  m) [108] 

Operational 

Robustness/ 

Durability 

High-pressure hydrogen storage tanks offer reliable structural lifetime when 

properly designed and coated; however, hydrogen embrittlement remains the 

primary long‑term degradation mechanism, especially in high-strength steels and 

aluminium liners, potentially leading to delayed cracking under stress [105]. 

Liquid hydrogen tanks operate under extreme cryogenic conditions (≈  –253  °C) 

where thermal stress combined with hydrogen diffusion can reduce ductility and 

lead to embrittlement, especially when valves or structural components warm and 

expose metal to hydrogen atoms [109] 

Maintenance Maintaining compressed hydrogen tanks involves regular inspections for hydrogen 

embrittlement, leak detection, and verifying structural integrity of high -pressure 

components such as valves, liners, and composite overwraps [110]. Maintenance of 

LH₂ cryogenic storage tanks requires rigorous monitoring of insulation integrity, 

boil-off rates, and self‑pressurization behaviour, alongside regular leak and 

pressure-relief system checks to prevent hazardous failures [109] 

Rapid, Intuitive and 

Safe Field Deployment 

Compressed hydrogen systems, especially modular tube-trailer units or 

containerised Type III/IV cylinder banks, enable quick setup in emergency or 

remote locations. These preassembled racks (e.g. 20  ft or 40 ft container modules) 

can be transported by standard trucks or rail and connected rapidly with minimal 

onsite construction [111]Mobile liquid hydrogen systems like GenH2’s LS20 deliver 

compact, self-contained liquefaction, storage, and dispensing in a trailer-mounted 

unit (~400 L) designed for plug-and-go operation in the field[112] 

Training Operators handling compressed hydrogen systems typically complete a one- to 

two-day training course, covering hydrogen properties, high-pressure gas safety, 

leak detection, system operation, and maintenance protocols [110]. Training for 

personnel working with liquid hydrogen typically extends to two to three days, 

given the added complexity of cryogenic operations, insulation systems, and boil -

off management [110] 

Acoustic Performance Operational noise at hydrogen storage or fuelling facilities is primarily driven by 

compressors, vent lines, and cooling equipment. Typical sound pressure levels 
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from compressors or electrolyser stackhouses at approximately 15 meters distance 

range between 56 and 63  dBA, with total site noise reaching around 68  dBA under 

worst‑case conditions [110] 

Circular Economy 

Principles 

Compressed hydrogen tanks (Type  I–IV): Most conventional tanks are made from 

thermosetting resin composites, which are difficult to recycle at end of life. 

Emerging efforts use thermoplastic liners or thermoplastic composite designs to 

enable recyclability through mechanical or chemical separation and recovery of 

fibres and matrix, supporting reuse and recycling strategies in line with 

circular‑economy goals [113]. Liquid hydrogen tanks (cryogenic): Lifecycle 

assessment studies highlight that tank material choices (e.g. glass ‑fibre‑reinforced 

polymer) significantly impact embodied CO₂, and eco‑design approaches are 

recommended to reduce carbon footprint and facilitate end-of-life recycling or 

material recovery [114] 

Safety Compressed hydrogen: High‑pressure gas (350–700  bar) poses risks of leaks, 

flammability, and hydrogen-induced embrittlement in steel vessels. To mitigate, 

materials selection (e.g. mid-strength steel, coatings), regular inspection, and 

venting protocols are essential components of safe design. Liquid hydrogen: 

Cryogenic tanks storing LH₂ (~–253 °C) bring added hazards—cold burns, 

asphyxiation risk from oxygen displacement, and flammable heavier ‑than‑air gas 

clouds. Failure modes like BLEVE require special ised insulation, low‑temperature 

tolerant materials and pressure‑relief systems also designed to prevent hydrogen 

embrittlement in metal fittings [115] 

 

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

Compressed hydrogen is gaining market traction in mobile and stationary applications 

due to efficiency improvements in compression and storage tank design (for providers 

see Table 18). Innovations like advanced composite pressure vessels are reducing 

weight and cost, while addressing safety concerns such as hydrogen embrittlement and 

material fatigue from cyclic loading [102,116]. The global compressed hydrogen market 

is expected to grow at a CAGR of 8.4% from 2025 to 2034, driven by regulatory support 

and clean energy demand [116]. 

Liquid hydrogen is expanding from aerospace into heavy transport and industrial 

sectors. While boil-off losses and liquefaction energy demands (~30% of energy content) 

remain challenges, research into better insulation, cold energy reuse, and 

superconducting transmission is underway [117,118]. The global LH₂ market is 

projected to reach USD 65.18 billion by 2030 [118]. 

Hydrogen Storage is a well-established research field. The top six patent holders include 

entities from Japan, France, and Germany, most notably BMW AG and Robert Bosch 

GmbH. While scientific activity stagnated between 2010 and 2020, the field has 

regained momentum over the past five years and is now once again prominently 

represented in the academic research landscape (see Annex 1). 

 
Table 18: Global market key providers for Compressed and liquid hydrogen [116–119] 

Company Headquarters Focus 

Air Liquide Paris, France Compressed & Liquid H₂ 

Linde plc Guildford, UK (legal: Dublin, IE) Compressed & Liquid H₂ 

Air Products Inc. Allentown, PA, USA Liquid H₂ (mobility, industry) 

Engie S.A. Courbevoie, France Compressed H₂ 

Cummins Inc. Columbus, Indiana, USA Liquid H₂ (via joint ventures) 
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III. Implications and Considerations for Emergency Response Organizations  

Liquid hydrogen (LH₂) and compressed hydrogen (CH₂) are being considered as options 

in emergency preparedness, though infrastructure and handling remain barriers . 

Economic studies suggest LH₂ is more cost-effective than CH₂ for transport distances 

over 130–200 km and delivery volumes above 1  t, though these thresholds are model-

based and may not directly reflect emergency deployment contexts. LH₂’s volumetric 

energy density is significantly higher, making it preferable for large-scale deployments, 

while gaseous H₂ suits short-range logistics [117,120]. 

Modern LH₂ trailers hold 2,500–4,000 kg (up to 70 m³) at working pressures of 1–

12.75 bar(a), relying on vacuum multilayer insulation. Key producers include Linde, 

Chart Industries, and Air Products [117]. Alternatives to LH₂ and CH₂ include metal 

hydrides, liquid organic hydrogen carriers (LOHCs), cryo-compressed hydrogen, and 

ammonia as a chemical carrier. These offer varied trade-offs between efficiency, cost, 

and infrastructure availability [121,122]. 

In emergency settings, compressed hydrogen is suitable for mobile units, fuel -cell-

powered shelters, and rapid-response vehicles due to its fast refuelling and modular 

tank systems. Liquid hydrogen is more appropriate for long-duration operations like 

powering field hospitals, but requires cryogenic handling systems and trained personnel 

[117]. 

Operationally, both systems demand high safety standards. This includes reinforced 

tanks, leak detection, ventilation, and strict refuelling protocols. LH₂’s low-temperature 

storage (< –253 °C) introduces additional risks like thermal stress, embrittlement, and 

boil-off losses. Released LH₂ forms visible white vapor clouds; though highly flammable, 

extensive NASA and EU testing (PRESLHY) has shown that spontaneous ignition is rare 

under controlled conditions [117]. 

Hydrogen-based energy systems enable decentralised power generation via fuel cells or 

mobile electrolysis, improving resilience in disaster scenarios. Yet, infrastructure and 

cost remain barriers, especially for small-scale or remote responders. 
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3.1.7. Flow Batteries 

  

Status: Market available & in Research and Development 

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

scale storage 

 

Summary 

Flow Batteries provide a scalable and long-duration energy storage solution, 

primarily for stationary and grid-scale applications rather than rapid-deployment 

use. 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 

may offer a practical alternative to conventional batteries and generators, enhancing 

sustainability while minimising 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. However, 

their comparatively low energy density and large system size may limit portability 

in emergency contexts. 

I. Technical Function and Description 

Flow Batteries are electrochemical energy storage systems that store energy in liquid 

electrolytes circulating through an external storage system. Unlike conventional 

batteries, where the electrodes and electrolyte are sealed within a fixed cell, flow 

batteries separate power (determined by the cell stack) and energy (determined by the 

electrolyte volume), enabling flexible scaling [123,124]. 

Their basic structure consists of two tanks containing positively and negatively charged 

electrolyte solutions (catholyte and anolyte), which are pumped through an 

electrochemical cell stack during charge and discharge processes [123,125]. The redox-

active species within the electrolytes undergo oxidation and reduction reactions, storing 

and releasing energy. The electrochemical reaction is reversible, allowing for repeated 

charge/discharge cycles with minimal degradation [126]. 

Within the cell stack, the electrolyte flows through porous electrodes, which enable 

surface reactions, while an ion-selective membrane separates the two half-cells, allowing 

specific ions to pass through to maintain charge balance [127,128]. Electrical current 

is produced by electron flow through an external circuit. The efficiency and lifetime of 

flow batteries depend significantly on membrane selectivity, electrode porosity, and 

electrolyte flow rate [129]. 

Flow battery technologies vary mainly by electrolyte chemistry. The most established is 

the Vanadium Redox Flow Battery (VRFB), which uses vanadium ions in multiple 

oxidation states. This avoids cross-contamination and supports a long cycle life 

(~15,000–20,000 cycles), though energy density is low compared to lithium-ion and 

vanadium is costly [124,129] (see Table 19). Zinc-Bromine Flow Batteries (ZBFB) 

provide higher energy density but require regular maintenance due to bromine volatility 

[130]- 

Hydrogen electrolysers present a (Iron-Chromium, Hydrogen-Bromine, ORFBs) are 

under research but carry toxicity, cost, or stability issues that make them less relevant 

for near-term deployment [127,129]. Organic Redox Flow Batteries (ORFBs) offer 

tunability and potential sustainability but suffer from instability and degradation over 

longer cycles [131]. Membraneless Flow Batteries, which use immiscible liquids instead 

of ion-exchange membranes, reduce costs but at the expense of energy efficiency (~40–

60%) [129]. Saltwater and Seawater Flow Batteries are in early research stages (TRL 2–
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3) and show promise in sustainability, but current performance metrics are low 

[123,132,133]. 

Overall, flow batteries offer significant advantages for long-duration energy storage and 

grid integration of renewables due to their scalability, safety, and cycle stability. 

However, challenges remain in cost reduction, energy density, and materials 

optimization [127,128,130]. 

 
Table 19: Performance Metrics: Criteria for evaluating effectiveness 

Metric/Property Value  

Power Output (W) The power output of vanadium redox flow batteries varies significantly depending on 

the system scale. Laboratory-scale stacks typically deliver between 250 and 1200 

watts, while commercial systems can achieve outputs of 1 megawatt or more, with 

some installations reaching up to 15 megawatts. Current research focuses on 

increasing power density, up to 0.8 W/cm², to enable more compact and efficient 

energy storage systems [134] 

Transport/Logistics Modular containerised designs support transport and plug-and-play installation. Yet, 

units are typically multi-ton and require cranes or heavy trucks, which reduces 

deployability for fast-response teams [135] 

Operational 

Robustness/ 

Durability 

Vanadium redox flow batteries demonstrate exceptional operational robustness, with 

cycle lives exceeding 10,000–20,000 cycles and calendar lifetimes of over 20 years. 

Their resilient aqueous electrolyte chemistry supports stable performance with 

minimal degradation and the ability to withstand full discharge and electrolyte mixing 

without long-term harm [136] 

Maintenance Flow batteries, especially vanadium-based systems, require comparatively low regular 

upkeep (monthly electrolyte checks and yearly inspections suffice for reliable 

operation). However, electrolyte rebalancing is required; this is a special ised task 

which may not be trivial for lightly trained personnel [137] 

Rapid, intuitive, 

and safe field 

deployment 

Vanadium flow batteries are increasingly deployed as modular, container ised systems 

that enable rapid, intuitive field installation (often requiring only a concrete pad and 

minimal onsite adjustments). Their non ‑flammable aqueous electrolytes and 

integrated safety features ensure secure and safe operation even under field 

conditions [136,138] 

Training While equipment vendors for vanadium flow batteries offer in-depth operator and 

maintenance training, publicly available sources don’t specify exact durations. 

However, based on analogous utility battery training, programs generally last between 

2 and 5 days [139] 

Modularity and 

Microgrid use 

Flow batteries, particularly vanadium and iron-based systems, offer highly modular 

architectures with independently scalable power and energy components, making 

them well-suited for microgrid applications. They have been successfully deployed in 

configurations ranging from hundreds of kilowatts to multiple megawatts, 

demonstrating flexible islanding capabilities and long-duration operation for 

resilience and renewable integration [140,141] 

Acoustic 

Performance 

Vanadium redox flow batteries emit very limited noise during operation, primarily from 

the circulation pumps, a moderate level requiring no special hearing protection under 

normal conditions [142] 

Circular economy 

principles 

Vanadium flow batteries exemplify strong alignment with circular economy principles 

through lifecycle strategies that emphasise reduced material use, reuse of 

electrolytes, and effective recycling of key components [143] 

Safety Redox-flow batteries are considered a safe energy storage technology due to their use 

of non-flammable aqueous electrolytes and the separation of energy and power 

components. Particularly vanadium-based systems have low toxicity and minimal fire 

or explosion risks. However, some chemistries such as bromine- or hydrogen-based 

systems require more stringent safety measures due to chemical volatility or gas 

formation [127,129] 
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II. Current Technological Development Trends/Development Trends & Market 
Analysis 

The field of Flow Batteries is primarily driven by patent activity from China, followed by 

Japan and the United States (for product examples and providers see Table 20 & 21). 

Nonetheless, German organisations such as Reinz Dichtungs GmbH, Schaeffler 

Technologies GmbH, and the Fraunhofer Society also hold a notable number of patents. 

The substantial volume of scientific publications in recent years further indicates that 

the topic continues to be actively investigated within the research community (see Annex 

1). 

 

Table 20: Global market key providers for Flow-Batteries [144] 

Market Leader Headquarter  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 

 
Table 21: Examples for relevant products and Suppliers  

Product Seller Link 

Energy Warehouse: A fully-

integrated, modular, and 

containerised iron flow battery for 

long-duration energy storage. 

ESS Tech Inc. Link 

Invinity Vanadium Flow Batteries: 

Modular and scalable vanadium 

redox flow batteries, deployable in 

containerised units. 

Invinity Energy Systems PLC Link 

E22’s VCUBE: 

50kW-250kmw energy storage 

system or  

E22 Link 

Salgenx Grid Scale 3000 kWh 
MegaWatt Pack Battery 

Salgenx Link 

V-Flow M100- vanadium redox 

flow batteries, deployable in 

containerised units 

V-Liquid  

FB 333-4 vanadium redox flow 

batteries, deployable in 

containerised units 

Cell-Cube Link 

Customizable Energy Storage 
with Vanadium Redox Flow 
Battery Systems 

sumitomoelectric Link 

Ever Flow Storage container VRFB 

from 5kwh 250kwh 
SCHMID Group Link 

Volt Storage Iron Salt Battery Volt Storage Link 

Storac small storage unit for 

domestic houses up tp 6 kwh 

Prolux Solutions Link 

 

  

https://essinc.com/energy-warehouse/
https://invinity.com/vanadium-flow-batteries/
https://energystoragesolutions.com/vanadium-redox-flow-batteries/
https://salgenx.com/salgenx-saltwater-flow-battery-technology.html
https://www.cellcube.com/products/
https://sumitomoelectric.com/products/flow-batteries/product-variations
https://everflow-energy.com/wp-content/uploads/2021/02/EverFlow-Container-Storage-1.pdf
https://voltstorage.com/loesungen/die-voltstorage-iron-salt-battery
https://www.prolux-solutions.com/de/de/produkte
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III. Implications and Considerations for Emergency Response Organizations  

In emergency response settings, flow batteries, especially vanadium systems, could be 

relevant for semi-stationary field bases or reconstruction phases but are less suited for 

highly mobile operations due to weight and volume. Their non-flammable aqueous 

electrolytes are a clear advantage compared to lithium-ion. However, the need for 

pumps, tanks, and temperature control increases logistical demands, making them less 

intuitive for small teams or first-response scenarios. Despite their advantages, the 

systems' significant weight, size, and moving parts (pumps, electrolyte tanks) 

necessitate proper equipment handling, routine mechanical maintenance, and 

consideration of environmental factors such as temperature extremes, insulated 

enclosures or heating may be required in cold climates. Thus, flow batteries should be 

framed as complementary to lithium-ion or hydrogen systems, best suited for medium- 

to long-term deployments where transport logistics are manageable and uninterrupted 

power is critical [140,145]. 
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3.1.8. Hydrogen Fuel Cells 

  

Status: Market available / in Research and Development 

Key words: H2  

 
Summary 

Hydrogen fuel cells are a clean energy technology that convert hydrogen into 

electricity with zero harmful emissions. Fuel cells have various applications, 

including stationary power generation, transportation and backup power systems. 

In the context of emergency response, their operational viability depends on the 

parallel availability of hydrogen supply chains (compressed or liquid), which are 

currently limited and logistically demanding. The Proton Exchange Membrane Fuel 

Cell (PEMFC) is the leading technology due to its efficiency and suitability for diverse 

sectors. However, high costs (especially for platinum catalysts and balance-of-plant 

components) and reliance on dedicated hydrogen infrastructure remain critical 

barriers. They are particularly suited for disaster relief scenarios, offering portable, 

reliable power for critical operations like medical facilities, emergency shelters, and 

communication networks. 

I. Technical Function and Description 

Hydrogen fuel cells are energy conversion systems that generate electricity from 

hydrogen through an electrochemical reaction, producing only water and heat as by -

products. Unlike combustion-based systems, they operate without harmful emissions 

[146]. Their core components include an anode, a cathode, and an electrolyte 

membrane. Hydrogen introduced at the anode splits into protons and electrons. While 

the protons pass through the membrane, the electrons travel via an external circuit, 

creating electric current. At the cathode, protons, electrons, and oxygen combine to 

form water [147]. 

Fuel cells are widely used across various sectors including transportation, stationary 

power generation, and portable applications (see Table 22). They are classified based 

on operating temperature and electrolyte type into low-temperature (<250 °C) and high-

temperature (>500 °C) categories [147]. 

The Proton Exchange Membrane Fuel Cell (PEMFC) operates at 60–80 °C and is known 

for quick start-up, low-temperature operation, and high-power density. It uses a solid 

polymer electrolyte and platinum-based catalysts, making it suitable for vehicles, 

portable generators, and emergency power systems (Mo et al. 2023; PowerUP 2024; 

[148]. 

The Solid Oxide Fuel Cell (SOFC) runs at 600–1000 °C with a solid ceramic electrolyte. 

It enables internal reforming of fuels and efficient heat usage, making it suitable for 

stationary power and combined heat and power (CHP) applications [147,149]. 

The Alkaline Fuel Cell (AFC) utilises an alkaline electrolyte like potassium hydroxide and 

operates at 90–100 °C. While highly efficient and used historically in aerospace (e.g., 

NASA missions), it is sensitive to CO₂ contamination [147]. 

The Phosphoric Acid Fuel Cell (PAFC) works at 150–200 °C using liquid phosphoric acid. 

It offers fuel flexibility and long durability, making it ideal for CHP and stationary 

applications [147,150]. 

The Molten Carbonate Fuel Cell (MCFC) operates at 600–700 °C using molten carbonate 

salts as electrolytes. It allows for internal reforming of fuels and high waste heat 

utilization, making it effective in industrial and large-scale stationary systems 

[147,151]. 

Each fuel cell type has distinct characteristics in terms of temperature, power range, 

efficiency, and application. For instance, PEMFCs cover 1–100 kW at 45–60% efficiency; 
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SOFCs range from 1 kW to 2 MW and exceed 60% efficiency. MCFCs reach up to 3 MW 

but require high temperature and stable materials [147,152]. 

Stationary applications span from micro-CHP systems to MW-scale grid-support 

installations. These include backup power, distributed generation, and remote off -grid 

supply. Demonstrator projects have validated such uses under real conditions 

[150,153]. 

Despite their potential, fuel cells face challenges such as catalyst degradation, 

sensitivity to impurities, and high manufacturing costs. However, continuous research 

and commercialization efforts aim to overcome these barriers and broaden deployment 

across emergency and industrial sectors [147,154,155]. 

 
Table 22: Performance Metrics for Hydrogen Fuel Cells 

Metric/Property Value 

Power Output (W) EM proton‑exchange membrane fuel cells (PEMFCs) are typically commercial ised in 

the range of 1  W to several kW, with micro‑fuel cells for portable electronics often 

delivering under 5  W, while packaged systems for applications like backup power 

reach 1–5  kW, and larger stationary or transport fuel cell systems may scale up to 

tens or even hundreds of kilowatts [147,156]. 

Transport/Logistics Portable hydrogen fuel cell generators such as the PowerUP  UP1K has dimensions 

of approximately 700  × 222  × 410 mm and a total weight of 27  kg, making them 

easily transportable by a small team or vehicle (PowerUP  2024). 

Operational 

Robustness/ 

Durability 

Stationary SOFC systems typically demonstrate operational lifetimes exceeding 

40,000 hours (approximately 5 years), with a target degradation rate of around 

0.2% per 1,000 operating hours [157]. PEMFC systems can achieve up to 20,000 

hours of operation under laboratory or pilot-scale conditions, and several thousand 

hours in automotive applications; however, degradation mechanisms such as 

catalyst corrosion limit their long-term stability [158]. 

Maintenance PEMFC systems require regular monitoring and targeted maintenance, particularly 

to prevent membrane damage due to drying or flooding, as well as catalyst 

poisoning [159]. Stationary SOFC systems have higher maintenance demands on 

balance-of-plant components, stack replacement, and sealing elements; typical 

annual maintenance costs range between 2–5% of the initial capital investment, 

depending on system size and operating conditions [160]. 

Rapid, intuitive, and 

safe field deployment 

Portable PEM fuel cell generators such as the PowerUP UP1K and UP3K feature a 

modular, plug-and-play design. These systems operate quietly and emission-free 

and have already been deployed in crisis scenarios such as emergency backup for 

5G networks, mobile clinics, and military operations [161]. 

Training No data available. 

Modularity and 

Microgrid use 

Modern fuel cell systems (e.g. PEMFC or SOFC) are designed to be modular and 

scalable, individual modules can be assembled into nano- or microgrids, enabling 

flexible distributed energy resources. They support both grid ‑connected and 

islanded operation, making them suitable for critical infrastructure such as 

telecoms or healthcare microgrids [162,163]. 

Acoustic Performance Hydrogen PEM fuel cell systems (including those used in portable or stationary 

applications and vehicles) operate with very low noise and vibration levels. In some 

cases, the noise is reported to be up to 50% lower than that of comparable internal 

combustion engines, and overall PEM fuel cells exhibit minimal acoustic emissions 

even under dynamic conditions [164]. 

Circular economy 

principles 

Recycling strategies applied to PEM fuel cells and electrolysers can reduce raw 

material demand, energy consumption and GHG emissions by up to ~20–60  %, with 

platinum recovery rates as high as 95  %, enabling a circular hydrogen economy 

based on design-for-recyclability and materials recovery[165] 

Safety Hydrogen fuel cell systems are generally considered safe when operated according 

to standards, but due to hydrogen’s wide flammability range and low ignition 

energy, rigorous safety measures, such as leak detection, adequate ventilation, 

flame sensors, and material compatibility are essential to prevent fire or explosion 

risks [166]. 
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II. Current Technological Development Trends/Development Trends & Market 
Analysis 

The global fuel cell market is growing rapidly, with a projected increase from USD 8.89 

billion in 2025 to over USD 34 billion by 2033, driven by rising demand in transportation 

and stationary power [167] (for product examples and providers see Table 23 & 24). 

PEM fuel cells dominate due to their compact size, low operating temperature (~80  °C), 

fast start-up, and high efficiency [151,167]. They are widely used in vehicles, data 

centres, UAVs, and aerospace [167]. Key markets include Asia-Pacific, Europe, and 

North America, where supportive policies and R&D drive adoption [152]. Despite high 

costs (mainly due to platinum catalysts) current R&D focuses on reducing platinum use 

and improving CO tolerance  [147]. European manufacturers such as Bosch, Cummins, 

Nedstack, and Zepp Solutions offer PEM and SOFC systems for commercial use  

[149,168–170]. 

In contrast to many other technologies, this field is primarily driven by actors from the 

United States and Europe, particularly France and the Netherlands. Robert Bosch GmbH 

is also represented, ranking 14th among patent applicants. 

The technology has been the subject of intensive research since the early 2000s, with a 

renewed peak in publication activity observed in 2024. The comparatively low number 

of patents relative to the volume of publications suggests that the field is still 

characterised by ongoing fundamental research rather than applied development (see 

Annex 1). 

 
Table 23: Global market key providers for Hydrogen Fuel Cells [171] 

Company Headquarters Thin-Film PV Focus 

Ballard Power Systems Canada/ USA PEMFC 

Bloom Energy USA SOFC 

Plug Power USA PEMFC 

Cummins / Accelera USA (DE&NL) PEMFC 

Nedstack NL PEMFC 

 
Table 24: Examples of products 

Product Seller Link 

Accelera Cummins [168] 

PemGen CHP-FCPS, PEM Fuel Cell 

Stacks 

Nedstack [169] 

SOFC-System Bosch [149] 

Zepp.Y50, Zepp.X150 Zepp Solutions [170] 

UP-400, UP1K, UP3K, UPSystem, 

UPMObile, UPSystemMax 

PowerUP Energy Technologies [161] 

EFOY 80, EFOY 150, EFOY Pro 

900, EFOY Pro 1800, EFOY Pro 

2800 

SFC Energy (EFOY) [148] 

H2Genset SFC Energy (H2Genset) [172] 

AIRCELL, BOXHY, THYTAN H2SYS [173] 
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III. Implications and Considerations for Emergency Response Organizations  

Hydrogen fuel cells (HFCs) are increasingly recognised as a viable solution for 

emergency response operations due to their zero-emission operation, low noise output, 

and flexible deployment options. These systems can be applied in stationary roles (for 

example, supplying power to base camps from stored hydrogen) or as mobile units 

powering vehicles, field equipment, or portable systems used by response teams 

operating away from central infrastructure [154,167]. 

 

Various products reflect these use cases. For instance, the UP1K portable fuel cell 

generator by PowerUP Energy Technologies weighs only 27  kg and has compact 

dimensions, making it suitable for transport in standard vehicles and deployment in 

remote settings [161]. Meanwhile, stationary systems like the Bosch SOFC are scalable 

and suited for integration into critical infrastructure, though their logistics require truck -

based transport due to size and weight [149]. The H₂Genset from SFC Energy AG offers 

a mobile, trailer-mounted power solution, allowing fast deployment to dynamic 

emergency environments [172]. 

 

From a logistical standpoint, small-scale HFCs can be transported manually or with light 

vehicles, while larger systems need heavy-duty logistics support [149,161]. The 

selection of fuel cell type and configuration depends on the desired power output, 

mobility, and the logistical capabilities of the deploying organization [150]. 

 

However, fuel cell systems also bring operational considerations. A key metric is energy 

conversion efficiency, especially when hydrogen is produced on-site from renewable 

sources, where initial conversion losses are high. Therefore, maximising the back-

conversion efficiency in the fuel cell is critical [147]. Additional performance indicators 

include noise levels, pollutant emissions, fuel energy density, and the ease of fuel 

handling and transportation [154,167]. 

 

Regarding safety, the most critical issue lies in hydrogen storage and transport. 

Although HFCs themselves are inherently safe, the pressurised or cryogenic hydrogen 

they require must be handled with care [151]. 
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3.1.9. Electrolysers Hydrogen 

  

Status: Market available / in Research and Development 

Key words: H2 

 

Summary 

use electricity to split water into hydrogen and oxygen, providing one pathway for 

low-emission hydrogen production depending on the electricity source. They can 

contribute to energy resilience by enabling on-site hydrogen generation, which may 

be relevant for fuel cells in emergency contexts. Proton Exchange Membrane (PEM) 

electrolysers offer high hydrogen purity, compact design, and fast response to power 

fluctuations, but are costly and depend on rare metals like platinum. Alkaline 

electrolysers are more affordable and durable for large-scale hydrogen production, 

though they respond more slowly and produce lower gas purity. Anion Exchange 

Membrane (AEM) electrolysers aim to cut costs using non-precious metals but still 

face challenges with membrane durability and efficiency. Solid Oxide Electrolysis 

Cells (SOECs) are efficient and can use industrial waste heat, but their high 

operating temperatures lead to material wear and system complexity, making 

durability and cost major challenges for broader use. 

I. Technical Function and Description 

Electrolysers split water into hydrogen and oxygen and are an important enabling 

technology for low-emission hydrogen production where renewable power is available. 

In emergency contexts, on-site electrolytic hydrogen systems can support resilient 

energy supply [174] (see Table 25). 

There are four main types: PEM, Alkaline, AEM, and SOEC. 

• PEM (Proton Exchange Membrane) electrolysers provide fast response, compact 

design, and high-purity hydrogen output. However, they are costly due to their 

use of precious metal catalysts like platinum and iridium [175,176]. 

• Alkaline electrolysers are more affordable and durable, making them suitable 

for large-scale hydrogen generation. Their drawbacks include slower response 

times and lower hydrogen purity [177–179]. 

• AEM (Anion Exchange Membrane) electrolysers aim to combine the advantages 

of PEM and alkaline systems, using non-precious metal catalysts. Challenges 

remain in membrane durability and efficiency [180,181]. 

• SOEC (Solid Oxide Electrolysis Cells) operate at high temperatures, achieving 

high efficiency and allowing use of industrial waste heat. However, the extreme 

heat leads to material degradation and system complexity, limiting durability and 

cost-effectiveness [119,182]. 

Key performance indicators of different Types 

Table 25: Key performance indicators for PEM Electrolyte  
Metric PEM Electrolyte 

System energy 

consumption (kWh/kg 

H2) 

50-83[183] 

Transport/Logistics Proton Exchange Membrane (PEM) electrolysers are available in both compact 

and containerised formats. For example, the Nel MC250 is a modular 

containerised unit with dimensions of approximately 12.2 × 2.5 × 3 meters, 

weighing around 30 tonnes [184]. The Quest One ME450, a 1 MW PEM plant, is 

housed in a standard 40-foot ISO container and weighs about 36 tonnes [185] 
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Operational Robustness/ 

Durability 

PEM stacks achieve >40,000 hours of operation, with degradation rates ~4–5 mV 

per 1,000 h[186] 

Maintenance PEM stacks generally need replacement after 40,000–60,000 h [187]; Balance of 

plant components require inspection and upkeep per OEM guidance.  

Rapid intuitive and safe 

field deployment 

Containerised PEM units (like Nel MC250) allow fast deployment and safe 

operation without handling caustic substances [184,188] 

Training Operators require specific training to safely and effectively use PEM 

electrolysers, typically lasting 2–3 days and covering safety, operation, Balance 

of plant systems, and maintenance [189] 

Modularity and Microgrid 

use 

Containerised PEM solutions are modular and can quickly adjust load, making 

them suitable for renewable-integrated microgrids [184,190] 

Acoustic performance Containerised PEM electrolysers are relatively quiet, producing noise levels 

between 60–83  dB(A) at 1 m. Full-scale industrial installations may require 

acoustic enclosures or sufficient clearance to comply with noise regulations 

[191–193] 

Circular economy 

principles 

Research and industry efforts are exploring options for improving circularity, 

including recovery and reuse of critical materials to reduce supply risks, 

emissions, and costs while enabling sustainable scale adoption [165,194] 

Safety Containerised PEM electrolysers are engineered with multi -layered safety 

systems, including gas leak detection, overpressure protection, and emergency 

shutdown procedures, to minimise hydrogen-related hazards such as 

flammability, explosion risk, and gas accumulation in enclosed spaces. These 

risks stem from hydrogen’s low ignition energy, wide flammability range (4–

75 %), and tendency to rise and accumulate near ceilings if not properly 

ventilated [195,196] 

 
Table 26: Key performance indicators for Alkaline Electrolyzers 

Metric Alkaline Electrolysers 

Energy consumption 

(kWh/kg H2) 

50-78 [183] 

Transport/Logistics Alkaline electrolysers range from small bench research units, like the subcooled 

gaseous hydrogen 2  kW stack (256  × 327  × 190  mm, 50  kg) ideal for lab use 

[197], to skid-mounted industrial systems offering outputs of ~10  Nm³/h, such as 

the PERIC CNDQ‑10 (1.355 ×  0.85  × 0.78  m, 1  750  kg) [198]. McLyzer 800‑30 is a 

large-scale industrial module, container-compatible (9.5 t), delivering high-output 

[199] 

Operational Robustness/ 

Durability 

Alkaline water electrolysers are robust and durable under stable conditions and 

large-scale operation, but maintaining their longevity under dynamic, real -world 

renewable energy integration requires ongoing innovations in materials, system 

design, and operation strategies.[200,201] 

Maintenance Alkaline water electrolysers (AWEs) are relatively low-maintenance compared to 

other technologies such as PEM or SOEC, especially when operated under 

continuous, stable conditions. However, maintenance demands increase 

significantly under dynamic operation (e.g., coupling with solar or wind power), 

mainly due to electrode degradation, gas crossover, and electrolyte deterioration 

[200,202] 

Rapid intuitive and safe 

field deployment 

Alkaline electrolysers are suited for rapid and safe deployment due to their 

technological simplicity and modularity, making them suitable for decentrali sed 

or emergency hydrogen applications [174,203].They have however a slow start-up 

[204] 

Training Alkaline electrolysers are relatively easy to operate, requiring only basic technical 

training and safety awareness. More in-depth training is needed for maintenance 

and troubleshooting, but modular design and intuitive interfaces help lower the 

learning curve [179,203] [174,179,205][174,179,205][175,180,206] 

Modularity and Microgrid 

use 

Alkaline water electrolysers, through their modular design and compatibility with 

intermittent renewables, are suitable for microgrid applications [176,203,205] 

Acoustic performance Alkaline water electrolysers themselves are not loud, and overall system noise is 

usually minimal and dominated by auxiliary components. With proper design, 

AWEs are suitable for urban, residential, or mobile use where low acoustic impact 

is essential [206,207] 

Circular economy 

principles 

Alkaline water electrolysers embody circular economy principles through their 

use of abundant materials, repairability, long service life, recyclability, and role 

in renewable energy storage and sector integration [203,208] 

Safety Alkaline water electrolysers are generally safe when properly operated, though 

they involve risks from handling caustic potassium hydroxide (KOH) and 

flammable hydrogen gas. Hazards include chemical burns, gas crossover, and 

overpressure, but modern systems mitigate these through safety features like 

pressure relief valves, hydrogen detectors, and automatic shutdown mechanisms 

[203,209] 
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Table 27: Key performance indicators for AEM (Anion Exchange Membrane)  
Metric AEM (Anion Exchange Membrane) 

Energy consumption 

(kWh/kg H2) 

57-69 [183] 

Transport/Logistics AEM electrolysers offer transportability due to their modular design, with single 

units such as the Enapter EL  4 weighing approximately 42  kg and megawatt-scale 

AEM Multicore systems delivered in standard 40-foot containers. Their pre-

configured format enables rapid deployment and flexible integration, particularly 

in decentralised and off-grid energy systems [210,211] 

Operational Robustness/ 

Durability 

AEM electrolysers have made significant progress in operational durability, with 

modern membranes demonstrating over 1,000 hours of stable performance and 

even year-long operation with minimal degradation. While still in development, 

these advances suggest a strong potential [212,213] 

Maintenance AEM electrolysers are still an emerging technology under active development, but 

recent studies show that they can achieve stable operation for over a year under 

optimised conditions. While full industrial readiness has not yet been reached, 

advanced membrane materials and improved electrode designs suggest strong 

potential for low-maintenance, durable performance in the near future [212,214] 

Rapid intuitive and safe 

field deployment 

AEM electrolysers, such as those from Enapter and Hygreen, are optimised for 

field deployment: they offer plug-and-play installation within minutes. These 

systems also integrate robust safety and stability features [215,216] 

Training Current publicly available sources do not specify an exact number of training 

days required for AEM electrolyser operation. However, vendors like Enapter 

report several days of hands-on training, and analogous PEM electrolysis training 

courses typically last around three days, indicating that practical operation 

training likely requires a comparable multi-day program [189,217] 

Modularity and Microgrid 

use 

AEM electrolysers from suppliers like Enapter are modular and designed for 

microgrid integration, enabling rapid plug-and-play deployment within existing 

renewable systems. Their containerised or compact form factors and stack-level 

scalability ensure flexibility in microgrid applications [205,218] 

Acoustic performance AEM electrolysers typically emit sound levels ranging from below 80  dB(A) during 

standard operations up to around 85  dB(A) at a 1  m distance, with occasional 

brief peaks (e.g., during purging). These noise levels require appropriate hearing 

protection and ventilation measures to ensure safe occupational exposure 

[219,220] 

Circular economy 

principles 

AEM electrolyser manufacturers like Enapter integrate circular economy 

principles by implementing structured take‑back programs and conducting 

life‑cycle analyses to recover and recycle critical components [221] 

Safety AEM electrolyser operation carries inherent risks—including hydrogen leakage, 

potential explosion from H₂/O₂ mixtures, electrical shocks, and alkaline chemical 

exposure—which are mitigated by intrinsic safety systems (e.g., self -

pressurization, leak detection, automatic shutdown), robust ventilation, and 

personal protective equipment. Compliance with standards like IEC  60079‑10‑1 

and implementation of hydrogen sensors, pressure/temperature monitoring, and 

operator training are essential to ensure safe operation [222,223] 

 
Table 28: Key performance indicators for SOEC (Solid Oxide Electrolysis Cells)  

Metric SOEC (Solid Oxide Electrolysis Cells)  

Energy consumption 

(kWh/kg H2) 

38-48 [183] 

Transport/Logistics SOEC modules are transported as heavy, skid-mounted systems, with 

standardised industrial dimensions (e.g., ~1.4  × 1.9  ×  1.7 m for 250  kW stack 

units) to facilitate forklift and container handling. Although specific weights are 

not publicly disclosed, the design emphasises modular skid logistics suitable for 

road and site delivery [224,225] 

Operational Robustness/ 

Durability 

SOEC systems exhibit robust operational performance, with typical stack 

lifespans ranging from 4 years (Sunfire Gen  3) up to 7–9 years based on SOFC 

analogues, and demonstrate stable long-term voltage degradation rates of 10–

25 mV per 1,000 hours [183,226] 

Maintenance SOEC systems follow structured maintenance cycles, including stack 

replacements every 4–7 years and BoP servicing at 10–12 years [183,227]. 

Rapid intuitive and safe 

field deployment 

SOEC systems, such as Sunfire’s pre-assembled HyLink Gen  3 modules, allow for 

field deployment within a few weeks [225] 

Training There is no publicly available information detailing how long new operators need 

to be trained on SOEC systems 

Modularity and Microgrid 

use 

SOEC technology is modular, with systems designed for scalable deployment that 

can be integrated into microgrid configurations. Academic and industrial 

demonstrations confirm successful microgrid applications that use modular 

SOEC [228,229] 

Acoustic performance There is no published information on the acoustic performance or noise levels of 

SOEC systems 
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Circular economy 

principles 

Recent studies show that SOEC stacks can be effectively recycled using 

hydrometallurgical leaching, recovering over 89% of critical metals and rare 

earth elements for reuse in new devices, enabling a circular material cycle 

[230,231] 

Safety SOEC systems incorporate multiple safety controls: robust ventilation and hot -

box architecture to mitigate ignition hazards, operator training, and automated 

fault-detection for safe shutdowns [232,233]. 

 

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

The global electrolyser market is rapidly expanding, driven by the demand for green 

hydrogen (for product examples and providers see Table 29 & 30). Proton Exchange 

Membrane (PEM) electrolysers are gaining traction due to their high efficiency, fast 

response times, and low maintenance, reaching USD 8.10 billion in 2025 and projected 

to grow to USD 15.06 billion by 2034 [234]. Alkaline electrolysers remain competitive 

with their durability and lower costs, particularly in large-scale industrial applications, 

and are expected to reach USD 217.36 million by 2032 [235]. Anion Exchange 

Membrane (AEM) electrolysers offer promise due to cost-effective materials and rapid 

growth (CAGR 97.7%), although commercialization remains in early stages [236]. Solid 

Oxide Electrolysis Cells (SOECs) stand out for high efficiency at elevated temperatures 

(500–850 °C) and are projected to grow from USD 517.06 million (2025) to USD 5.37 

billion (2030), supported by EU initiatives and companies like Sunfire, Elcogen, and 

Topsoe [232,237].  

With respect to patent analysis and research, Europe is strongly represented in this 

topic. In particular, the German companies Robert Bosch GmbH, Linde GmbH, and 

Siemens Energy Global GmbH & Co. KG are among the patent leaders. Research-wise, an 

exponential growth is emerging, which suggests further significant research 

expenditures in the coming years (see Annex 1). 

Table 29: Global market key providers for Electrolysers 

Company Headquarters Electrolyser Technology  

Nel ASA Norway Alkaline, PEM [238] 

Siemens Energy Germany PEM [239] 

Plug Power USA PEM[240] 

ITM Power UK PEM [241] 

Thyssen Krupp Germany Alkaline [241] 

 
Table 30: Examples for related products 

Product Seller Link 

PSM Series PEM Electrolyser Nel Hydrogen (Norway) Link 

A Series Atmospheric Alkaline 

Electrolyser 

Nel Hydrogen (Norway) Link 

Titan EZ-Series PEM Stack Fuel Cell Store (USA) Link 

Quest One ME450 PEM 

Electrolyser (1MW) 

Quest One (Spain) Link 

IMI VIVO PEM Electrolyser IMI Critical (UK) Link 

Accelera PEM Electrolyser System Accelera Link 

Ohmium PEM Cabinet System Ohmium Technologies Link 

 

  

https://nelhydrogen.com/product/psm-series-electrolyser
https://nelhydrogen.com/product/atmospheric-alkaline-electrolyser-a-series/
https://www.fuelcellstore.com/pem-electrolyzer-cell-stack-titan-500
https://www.questone.com/produkte/detail/quest-one-pem-elektrolyseur-me450/me450/
https://www.imi-critical.com/product/imi-vivo-electrolyser-creating-green-hydrogen/
https://www.accelerazero.com/electrolyzers
https://www.ohmium.com/our-products
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III. Implications and Considerations for Emergency Response Organizations  

Hydrogen electrolysers could contribute to decentralised energy provision for 

emergency response organizations, depending on local power supply and logistics. 

Among the main technologies - PEM, Alkaline (AEL), Anion Exchange Membrane (AEM), 

and Solid Oxide Electrolysis Cells (SOEC) - each offers distinct logistical and operational 

profiles critical to disaster deployment. 

PEM electrolysers are currently the most commonly considered option for field 

deployment, as they combine compact size, rapid start-up, and high-purity output. 

Commercial systems like those by Plug Power and Nel Hydrogen are available in mobile 

or containerised configurations, enabling fast installation and integration with 

renewable power sources in remote or damaged areas [184,240]. 

AEL systems, while cost-effective and durable, are bulkier and use caustic electrolytes 

(e.g., KOH), which pose logistical and safety risks in disaster zones. Their slower 

dynamic response and handling requirements make them less ideal for rapid, mobile 

deployment, though they remain relevant for longer-term, centralised operations [242]. 

AEM electrolysers are emerging as a potentially flexible and lower-cost option, though 

their long-term performance is less established. Companies like Enapter have developed 

lightweight systems tailored for disaster response, combining low-cost, non-precious 

materials with fast deployment and compatibility with renewable sources [243]. 

SOEC systems provide high efficiency, especially when integrated with waste heat 

recovery, but their high-temperature operation (500–850 °C) limits their mobility and 

response time. They are better suited to centralised hydrogen production with 

subsequent distribution to crisis areas [232]. 

From a logistics perspective, PEM and AEM systems are most appropriate for mobile 

and off-grid setups. Operational success depends on integration with existing energy 

systems, environmental resilience, and personnel training in handling and maintenance 

[244]. 

Safety is paramount: all electrolysers produce reactive gases like hydrogen and oxygen, 

and some (e.g., AEL) involve hazardous liquids. Proper ventilation, pressure control, 

and emergency shutdown systems are vital to mitigate risks [176]. 

In conclusion, PEM and AEM technologies appear most relevant for rapid hydrogen-

based energy support in disaster scenarios, although practical feasibility depends on 

training, logistics, and integration with local infrastructure.  
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3.1.10. Micro Gas Turbines 

  

Status: Market available 

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

Combustion, Biogas, Syngas, Power-to-Power (P2P) 

 

Summary 

Micro Gas Turbines (MGTs) are compact, fuel-flexible energy systems that enable 

combined heat and power (CHP) generation. Their decentralised applicability, 

relatively fast start-up, and compatibility with multiple fuels position them as a 

potential option for off-grid and emergency operations. 

I. Technical Function and Description 
 

Micro Gas Turbines (MGTs) are small-scale combustion turbines designed for efficient 

and sustainable energy generation. They operate on the Brayton cycle, 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 

radial single-stage turbine, generating mechanical energy that is converted into 

electricity. Many MGTs incorporate a recuperator, a heat exchanger that improves 

efficiency by recovering exhaust heat and using it to preheat incoming compressed air. 

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 [245,246] (see Table 31). 

Their capability to operate on multiple fuels, including natural gas, biogas, hydrogen, 

and syngas, provides flexibility in energy sourcing and contributes to carbon reduction 

efforts. MGTs also play a crucial role in combined heat and power (CHP) systems,  where 

the waste heat produced during electricity generation is captured and repurposed for 

heating or industrial processes, significantly improving overall energy utilization 

[247,248]. 

MGTs can be combined with Power-to-Power (P2P) concepts, where renewable energy 

is converted into hydrogen and later used in gas turbines, though integration remains 

at pilot and demonstration stages. This capability enhances grid stability and enables 

long-term renewable energy storage, addressing one of the key challenges of 

intermittent renewable sources such as wind and solar [249]. Their relatively fast start-

up and extended maintenance intervals may support use in decentral ised or remote 

applications, including potential relevance for emergency response [247,248]. 

Table 31: Performance Metrics for Micro Gas Turbines  

Metric/Property Value per Module 

Power Output (W) 25,000 W – 500,000 W [245,250] 

Transport/Logistics Transportable via truck, cargo aircraft, or shipping container; modular 

containerised systems allow rapid deployment even in remote locations [249,251] 

Operational 

Robustness/ 

Durability 

Designed for remote, harsh conditions. Withstands temperature extremes and 

rough terrains [247,252] 

Maintenance Long maintenance intervals (>10,000 hours); low maintenance needs due to simple 

architecture and fewer moving parts [245,252] 

Rapid, intuitive, and 

safe field deployment 

Quick setup (within hours to few days); Requires minimal infrastructure and 

training [247,248] 

Training Automated systems reduce training needs. Usable by lightly trained personnel 

[248,250] 
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Modularity and 

Microgrid use  

Fully compatible with microgrids; can integrate with hybrid renewable systems 

(solar, hydrogen storage, fuel cells) [249,250] 

Acoustic Performance Low-noise operation, suitable for deployment near sensitive infrastructure (e.g. 

living quarters) [247] 

Circular economy 

principles 

Modular design supports recycling of high-performance alloys; increasing focus on 

sustainable sourcing and recycling of materials [253] 

Safety Low-pressure operation minimises explosion risk; compliant with NOx/CO₂ 
emission regulations; safe autonomous shutdown systems included [247–250] 

 

II. 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 [247,248]. Additionally, the integration of 

advanced recuperators significantly enhances thermal efficiency by util ising exhaust 

heat to preheat incoming air, reducing fuel consumption [247]. 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 [247,250]. 

Additionally, advancements in thermodynamic modelling and exergy optimization have 

further improved the efficiency and sustainability of MGT-based energy systems, 

reducing fuel consumption and increasing energy output [251].  

The introduction of AI-driven digital twins and predictive maintenance technologies has 

also contributed to improving MGT performance, optimising maintenance schedules, 

and reducing operational downtime [251,253].  

Micro gas turbines (MGTs) are undergoing rapid advancement to meet modern 

distributed energy needs. Recent literature highlights notable thermodynamic efficiency 

improvements: while a basic microturbine Brayton cycle yields low electrical efficiency 

(~17%), recuperated designs now achieve around 30% electrical efficiency [245]. In 

combined heat-and-power (CHP) mode, overall energy efficiency can approach 90% by 

utilising exhaust heat for useful thermal output [245]. Ongoing R&D is implementing 

regenerative cycles, intercooling, vapor injection, and advanced materials to further 

boost performance and narrow the efficiency gap with larger engines [254]. MGTs are 

also valued for their fuel flexibility, operating on natural gas, biogas, liquid fuels and 

increasingly on carbon-free fuels like hydrogen and ammonia [255]. Switching from 

methane to ammonia in an MGT has been shown to incur only a minimal drop in electric 

efficiency (~0.5 percentage points) while maintaining high total efficiency (~75–79% in 

CHP mode) [255], enabling near-zero-carbon generation. Burning hydrogen or ammonia 

does require combustion system innovations to manage flame speed, autoignition, and 

NOₓ emissions, but recent demonstrations of stable ammonia/hydrogen-fuelled 

microturbine operation (with combustion efficiencies ~89–96%) and strategies like fuel 

blending or humidification underscore the progress in this area [255]. Another trend is 

the hybridization of MGTs with renewables and storage technologies. MGTs are being 

integrated into microgrids alongside solar fields, biomass gasifiers, Organic Rankine 

Cycle units, fuel cells, and batteries to create self-sustaining hybrid energy systems 

[254].  Such configurations exploit MGTs’ quick ramp-up and dispatchability to stabilise 

intermittent solar/wind output [245], while using renewable heat or fuels to displace a 

portion of the fossil fuel input, thereby improving efficiency and reducing emissions 

[254]. For example, solar-boosted microturbine setups can use concentrated solar 

thermal energy to preheat air, cutting fuel consumption, and include thermal storage to 

maintain power output after sundown [254]. Likewise, coupling MGTs with high-

temperature fuel cells (e.g. SOFC-MGT hybrids) allows the turbine to generate extra 

power from the fuel cell’s hot exhaust, markedly increasing overall electrical efficiency  

[254]. In parallel, the digitalization of MGT operations is enhancing reliability and 

economics. AI-based predictive maintenance and fleet monitoring systems have been 
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deployed to perform real-time condition diagnostics, which reduces unscheduled 

downtime, lowers O&M costs and extends component life [256]. Data-driven models and 

digital twins are used to predict faults and optimise performance across multiple units, 

facilitating proactive maintenance scheduling and optimal dispatch in smart grids 

[251,253]. Regarding cost and market development, micro gas turbines are steadily 

gaining traction worldwide as technology matures. They feature relatively low 

maintenance needs and the potential for low-cost mass production, giving them a 

competitive edge in distributed generation [245]. The global MGT market has been 

expanding at roughly 9% annually and is projected to reach around $350–360 million 

by the mid-2020s, reflecting growing adoption driven by their versatility, efficiency and 

compatibility with clean energy goals [247]. MGTs are capturing a larger share of the 

small-scale CHP sector. For instance, their share in sub-1 MW CHP installations climbed 

from ~17% to ~30% over the past decade as they increasingly compete with 

reciprocating engines in commercial and industrial onsite generation [247].  

A related concept is the free-piston engine, which also converts chemical energy from 

combustion into mechanical or electrical energy. Unlike conventional engines with a 

crankshaft, it uses a freely moving piston whose linear motion drives a linear generator 

or compressor. Although several prototypes have demonstrated high efficiency and fuel 

flexibility (e.g., diesel, natural gas, hydrogen), the technology is still at a pre -

commercial stage, with ongoing research focusing on durability, control systems, and 

integration into hybrid power units. 

In terms of application-oriented development, the field of micro gas turbines is primarily 

driven by China and the United States (for product examples and providers see Table 

32 & 33). Within Europe, however, Germany plays a leading role, with key contributions 

from General Electric Technology GmbH, Siemens, and the German Aerospace Center 

(DLR). Research activity in this area has stagnated in recent years, with approximately 

200 scientific publications per year (see Annex 1). 

Table 32: Global market key providers for Micro Gas Turbines [257–259] 
Company Headquarters (Country) 

Capstone Green Energy Corporation USA 

Bladon Technologies Limited United Kingdom 

Aurelia Turbines Finland 

FlexEnergy Solutions USA 

Micro Turbine Technology Netherlands 

TurboTech Precision Engineering India 

Ansaldo Energia Italia 

OPRA Turbines / Destinus Energy Netherlands 

 
Table 33: Examples for related products 

Product Seller Link 

Capstone C65 Microturbine Capstone Green Energy 

Corporation 

Link 

Aurelia® iA400 Aurelia Turbines Link 

Ansaldo AE-T100 Ansaldo Energia Link 

Bladon MTG12 Bladon Technologies Limited Link 

FlexEnergy GT333S FlexEnergy Solutions Link 

OPRA OP16 OPRA Turbines / Destinus Energy Link 

FusionFlight ARC FusionFlight Link 

 

  

https://www.capstonegreenenergy.com/products/capstone-microturbines/c65
https://aureliaturbines.com/files/sites/775/241003-datasheet-ia400-iso-eu-3f342d24-ae60-4e73-9f21-caaf5fb1a75b.pdf
https://www.ansaldoenergia.com/offering/equipment/turbomachinery/microturbines/ae-t-100
https://s3.us-east-1.amazonaws.com/bladonmt/sAqgD8bSTK5VOG2TPjZL-2263-bladon-brochure-iss-5-p-df
https://www.flexenergy.com/wp-content/uploads/2020/03/FLX-SPEC-GT333S-71000067-Rev-H.pdf
https://www.destinus.energy/solution/waste-to-energy/
https://fusionflight.com/arc/?srsltid=AfmBOoqwikvEZfy4Denjs0nuU7JJF9wCncmfKwD7J5DNVXEBvLL_N1RV
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III. Implications and Considerations for Emergency Response Organizations  

MGTs can provide decentralised power generation that may be deployed via truck, cargo 

plane, or containerised module, offering potential relevance for emergency contexts. 

Their small footprint and automated operation enable fast installation within hours, with 

minimal training required for field personnel [247,248]. In disaster response scenarios 

(such as earthquakes, floods, or military operations) MGTs can power field hospitals, 

mobile command centres, and water purification systems. The ability to operate on local 

fuels such as biogas or syngas increases deployment flexibility in crisis regions with 

limited fuel infrastructure. Moreover, their modular architecture allows for scalable 

power provisioning tailored to specific needs, from small remote outposts to large 

emergency shelters. In hybrid setups, MGTs paired with batteries ensure continuous 

operation during load peaks or intermittent fuel supply. Real-time diagnostics and 

predictive maintenance systems reduce the need for on-site technicians, enhancing 

uptime and reducing risk during prolonged emergencies [249,251]. Compared to diesel 

generators, MGTs produce lower emissions and noise levels, supporting safer and more 

sustainable humanitarian missions. Compliance with emissions standards and 

cybersecurity protocols enables safe use even in sensitive environments such as 

hospitals or conflict zones; however, additional organisational restrictions or protective 

rules for handling gas and other hazardous materials may still apply and will need to 

be addressed through updated regulations and operational guidelines [253,260]. 
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3.1.11. Biomass and Waste-to-Energy 

  

Status: Market‑available & R&D 

Key words: Biomass; Waste‑to‑Energy; Biogas; Gasification; 

Anaerobic Digestion; Pyrolysis 

 

Summary 

Biomass and Waste-to-Energy technologies use organic matter, such as agricultural 

residues, forest waste, or municipal solid waste, to produce energy in the form of 

heat and electricity. Depending on the feedstock and process, methods include 

direct combustion, gasification, and anaerobic digestion. These technologies may 

support decentralised energy supply in rural or off-grid contexts, subject to 

feedstock availability, logistics, and site conditions. Key considerations include 

feedstock logistics, emissions control, system complexity, and variability in energy 

output.  

I. Technical Function and Description 

Biomass and Waste-to-Energy (WtE) technologies include direct combustion, 

gasification, and anaerobic digestion. For mobile and emergency-oriented use, small-

scale gasification is particularly promising due to its compactness, efficiency, and fuel 

flexibility. 

Gasification systems convert solid biomass into a combustible synthesis gas (syngas) 

through partial oxidation under controlled high temperatures. This syngas, mainly 

consisting of CO, H₂, and CH₄, can power internal combustion engines or microturbines 

for electricity generation. Containerised systems (~50–500 kW) are available on the 

market; actual deployability in emergency field conditions depends on site access, 

permitting, and operator capacity [261,262] (see Table 34). These units can reach 

electrical efficiencies up to 30–35%, and total system efficiencies over 80% in Combined 

Heat and Power (CHP) configurations [262,263]. 

A typical small-scale biomass gasification unit includes: (1) pre-treatment modules for 

drying and feedstock sizing, (2) a gasifier (often fixed-bed), (3) gas cleaning units to 

remove tar and particulates, and (4) an energy conversion module. Systems designed 

for deployment in emergency scenarios are modular and transportable, some models 

are EU-pallet compatible and operable off-grid [264]. 

Field use imposes specific technical demands: syngas quality must remain stable; 

cleaning systems must be efficient; and systems must tolerate variable feedstocks such 

as chipped wood, pellets, or organic waste [263,265]. New hybrid approaches, like 

coupling gasifiers with solid oxide fuel cells (SOFCs), show potential for reaching >50% 

electric efficiency in compact units [261]. However, system reliability still depends 

heavily on trained operators, consistent fuel properties, and maintenance of gas 

cleaning systems [262,266]. 
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Table 34: Performance Metrics for Biomass and Waste-to-Energy Systems 

Metric/Property Anaerobic Digester (≈ 20  kWₑ) 

Power Output (W) 
50–500 kW (electric); higher for heat in CHP setups 

[262,263] 

Transport/Logistics 
Modular containerised or pallet-mounted systems; truck-

portable [262,264,267] 

Operational Robustness/Durability 
Robust against fuel variation; suitable for remote conditions 

[262,265,266] 

Maintenance Daily filter and ash removal; moderate complexity [263,266] 

Rapid, Intuitive and Safe Field 

Deployment 

Possible within <24 h for certain commercial units; depends 

on site readiness, permits, and operator availability 

[264,267] 

Training 
Requires safety and technical training; operation manuals 

essential [263,264,266] 

Modularity and Microgrid use Modular architecture; compatible with microgrids [262,265] 

Acoustic Performance Moderate noise levels; quieter than diesel generators [265] 

Circular Economy Principles 
Converts waste to energy; enables local resource use and 

waste mitigation [261,268] 

Safety 
Safe if operated correctly; risks include syngas handling and 

tar formation [263,264,266] 

 

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

Development of small-scale WtE technologies is driven by policy shifts toward 

decarbonization, energy independence, and circular economy principles. Modular 

gasification units are being positioned for microgrid/off-grid use; their relevance for 

emergency contexts should be confirmed through deployment trials.  These systems 

benefit from declining component costs, digital monitoring advances, and increased 

demand for energy autonomy in climate-vulnerable and remote regions [261,264](for 

product examples and providers see Table 35 & 36). 

The integration SOFCs, advanced gas cleaning systems, and automated feed 

mechanisms mark key technological trends. Manufacturers are working to simplify 

interfaces and reduce required setup times, which is crucial for emergency and mobile 

use cases. EU and international support schemes have spurred investments in low-

emission bioenergy and modular WtE innovations [265]. 

Field-oriented research emphasises container-based units with 50–500 kW outputs, able 

to operate on heterogeneous feedstocks. Pilot and development projects have been 

reported in multiple regions, including parts of Asia and sub-Saharan Africa; scope and 

outcomes vary by program. However, challenges remain in standardising technologies, 

ensuring fuel supply logistics, and training personnel [262,263]. 

Private-sector uptake is growing in sectors such as defence, humanitarian aid, and off-

grid telecom infrastructure. Modular biomass WtE systems are increasingly tested in 

pilot programs under real-world conditions, including coastal resilience hubs and 

mobile hospitals [267,268]. The commercial market, while fragmented, is evolving 

toward interoperable, multi-purpose units that combine energy provision with waste 

mitigation. 

The field of biomass and waste-to-energy encompasses a broad range of technologies, 

which is reflected in the high volume of both scientific publications and patent filings. 

From a research perspective, activity in this area appears to be approaching saturation; 

however, with approximately 8,000 publications annually, it remains a highly visible 

topic within the scientific community. 

In terms of patent activity, China is the dominant actor, followed primarily by the Danish 

company Novozymes Inc. and the French research institute IFP Energies Nouvelles. In 

Germany, BASF SE holds the highest number of active patents in this field, with a  total 

of 81 (see Annex 1). 
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Table 35: Global market key providers for Biomass & Waste-to-Energy 
Company Headquarters (Country) 

Eco Waste Israel 

Terragon Environmental Technologies Mexiko 

All Power Labs USA 

SEaB Energy UK 

Ankur Scientific India 

PyroGenesis Canada 

 
Table 36: Examples for related products 

Product Seller Link 

PUXIN Portable Assembly Biogas 

System 

Alibaba Link 

MAGSTM 

 

Terragon Link 

HomeBiogas 2 HomeBiogas Link 

Community Power Corporation BioMax Units  

Flexi Biogas Systems T-Rex biogas plants Link 

Power Pallet - PP20 All Power Labs Link 

 

III. Implications and Considerations for Emergency Response Organizations  

Small-scale biomass WtE units offer practical energy solutions for disaster relief and 

emergency operations, particularly where fuel logistics, infrastructure damage, or waste 

accumulation are challenges. Systems under 500 kW can be truck-mounted or 

containerised, enabling fast deployment. They can convert local biomass or 

biodegradable waste into reliable electricity and thermal energy [262,263]. 

Potential use cases include field hospitals, command posts, communications, and 

medical refrigeration, subject to validated uptime, emissions control, and operator 

capacity. Some units also support hybrid use, e.g. co-producing desalinated water or 

biochar, enhancing their utility in resource-scarce settings [269]. WtE may reduce diesel 

runtime and emissions and manage local waste streams, where fuel preparation, 

emissions control, and logistics are in place. 

However, risks include syngas leakage, tar buildup, and inconsistent energy output with 

poor fuel quality. Emergency responders must be trained in operational safety, basic 

troubleshooting, and system startup protocols [263,264,266]. Units typically require 

daily maintenance: ash removal, filter checks, and system calibration. Remote 

monitoring and diagnostics can reduce on-site technician needs, though internet 

connectivity is a limiting factor in some zones [266]. 

For WtE multi-fuel flexibility is essential. Systems should accept wood chips, agricultural 

residues, and sorted organic waste, ensuring fuel availability in crisis settings 

[264,265]. Manufacturers have started offering solutions optimised for humanitarian 

and off-grid contexts, with setup times under 24 hours and plug-in compatibility with 

microgrid architectures [267]. 

Overall, biomass WtE appears more suitable for mid- to long-term operations than for 

immediate first response, pending validation of logistics, emissions control, and 

staffing. When planned with logistics, fuel access, and training in mind, these systems 

provide climate-resilient, self-sufficient energy solutions for emergency contexts [261–

263,268]. 

  

https://www.alibaba.com/product-detail/New-Energy-Biogas-Puxin-Professional-Biogas_60466934073.html?spm=a271v.8028081.0.0.7cfe3e5fbwAL2H
https://terragon.net/resource-recovery-solutions/energy-from-waste/
https://www.homebiogas.com/shop/backyard-systems/homebiogas-2/
https://biogas.co.ke/large-capacity-systems/
https://www.allpowerlabs.com/product-overview/powerpallet
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3.1.12. Methanol-Based Energy Systems 

  

Status: Prototype and early commercial stage; proven performance in 

field tests and research pilots for portable and off-grid use 

Key words: Methanol, fuel cell, DMFC, synthetic fuels 

 

Summary 

Methanol-based energy systems may offer a compact and efficient solution for off-

grid and emergency power needs. Utilising Direct Methanol Fuel Cells (DMFCs), 

these systems convert liquid methanol into electricity through a low-temperature 

electrochemical process. Features such as modularity, passive operation, and 

simplified maintenance may support rapid deployment, but field validation is still 

needed.  

I. Technical Function and Description 

Methanol-based energy systems use Direct Methanol Fuel Cells (DMFCs) to convert 

methanol and oxygen into electricity, heat, and water through an electrochemical 

process. Unlike hydrogen fuel cells, DMFCs use liquid methanol, simplifying logistics 

and storage for field operations. At the anode, methanol undergoes oxidation, producing 

electrons, protons, and carbon dioxide. Electrons pass through an external circuit to 

deliver power, while protons cross a proton exchange membrane to recombine with 

oxygen at the cathode to form water [270,271]. 

One of the most attractive features of DMFCs is their ability to operate at relatively low 

temperatures (typically 60–90 °C), allowing the use of lightweight and cost-effective 

materials and avoiding complex thermal management systems [270,272] (see Table 

37). This makes them potentially suitable for off-grid or emergency contexts, pending 

validation of logistics and durability. 

Advanced system designs emphasise the integration of passive airflow configurations 

that eliminate the need for fans and compressors. This passive design not only reduces 

power consumption but also enhances reliability and portability, aligning with the 

requirements for mobile energy systems [273]. Novel architectures such as air-

breathing stacks, reduced catalyst layer thickness, and microstructured fuel 

distribution enhance efficiency and lifespan, achieving more than 3000 hours of 

continuous field use in portable DMFC systems [270,274]. 

Emerging technologies such as solid-state DMFCs offer improved energy densities and 

design flexibility. Sun et al. (2023) demonstrate a flexible, all -solid-state DMFC system 

with a specific power density of 27.4 mW cm⁻², opening applications in wearable devices 

or compact mobile tools for emergency responders [275]. Such innovations reflect the 

direction of current research towards compact, self-contained units suitable for rapid 

response and portable power delivery. The methanol fuel source can be stored in sealed, 

replaceable cartridges, which simplifies refuelling and enhances safety in field 

environments. Combined with simple user interfaces, these features contribute to rapid 

field-readiness and low cognitive load for operators [273,274]. 
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Table 37: Performance Metrics for Methanol-Based Energy Systems 

Metric/Property Value per Module 

Power Output (W) 5–100 W depending on configuration and use case [270,271] 

Transport/Logistics Compact and modular; suitable for handheld or packable configurations [270,272] 

Operational 

Robustness/Durability 

Reported durability of 3000+ hours; performance in rugged field conditions 

requires validation [270,274] 

Maintenance 
Low-maintenance; passive air-breathing stacks require minimal component 

replacement [273,274] 

Rapid, Intuitive and 

Safe Field Deployment 

Cartridge-based fuelling and passive operation allow for plug-and-play deployment 

[270,273] 

Training Minimal training required; user interfaces are simplified for field conditions [273] 

Modularity and 

Microgrid Use 

Stackable modules allow integration into small-scale grids or hybrid systems 

[270,275] 

Acoustic Performance 
Virtually silent due to electrochemical process and no mechanical components 

[270] 

Circular Economy 

Principles 
Methanol from captured CO₂ and waste enables renewable are in R&D [272,273] 

Safety 
Methanol toxicity mitigated via sealed cartridges and passive safety features 

[273,275] 

 

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

Research in methanol-based energy systems is rapidly evolving to meet the demand for 

decentralised, portable, and resilient power sources. Key development trends include 

miniaturization, passive operation, enhanced catalyst performance, and integration into 

hybrid systems. These align closely with use cases in emergency response, 

humanitarian aid, and field-based operations. 

Semi-active and passive DMFCs that reduce or eliminate the need for peripheral 

components (e.g., fans or pumps) have demonstrated superior reliability and efficiency 

under real-world conditions. Such systems can sustain long-duration missions without 

significant intervention, reducing operational complexity [270,273]. Research continues 

to refine fuel cell stack design, particularly in reducing catalyst layer thickness while 

maintaining power output, thereby lowering costs and improving manufacturability 

[271,274]. 

Another significant trend is the development of flexible DMFC architectures. For 

example, flexible solid-state DMFCs show promise for integration into textiles or foldable 

kits, which may power small communication or monitoring devices in disaster zones 

[275]. This innovation addresses the growing demand for wearable and ultra -portable 

power supplies. 

Alias et al. (2020) highlight the importance of microstructured components in improving 

fuel utilization efficiency. These refinements are contributing to the viability of 

lightweight DMFC systems for intermittent loads, such as environmental sensors or 

satellite uplinks in remote areas [274]. 

From a market perspective, methanol’s advantages as a liquid fuel, high energy density, 

low cost, and ease of transport, make it a promising candidate for deployment in remote 

and logistically challenging scenarios (for product examples and providers see Table 38 

& 39). The methanol supply infrastructure, while still emerging, benefits from its 

compatibility with existing liquid fuel logistics chains [272,273]. 

Though widespread commercial deployment is still emerging, early-stage niche markets 

are forming, particularly in defence, disaster relief, and telecommunications. Product 

prototypes and pilot programs have demonstrated the viability of DMFCs in off -grid 

conditions, creating pathways for scaled production and broader adoption 

[270,273,275] (see Annex 1). 

  



 

70 

 

PUBLIC 

Table 38: Global market key providers for Methanol-Based Energy Systems [276] 
Company Headquarters (Country) 

SFC Energy Germany 

Oorja Fuel Cells USA 

Blue World Technologies Denmark 

SerEnergy Denmark 

EFOY (by SFC Energy) Germany 

Horizon Fuel Cell Singapore 

 
Table 39: Examples for related products 

Product Seller Link 

EFOY Pro 2400 SFC Energy Link 

SereneU-5 G4 SerEnergy Link 

Oorja DMFC APU Oorja Fuel Cells Link 

Blue Methanol Fuel Cell 

System 
Blue World Technologies Link 

MODEL DMFC S1/S2 DMFC Corporation Link 

Siquens Ecoport 1500 Siquens Link 

 

III. Implications and Considerations for Emergency Response Organizations  

Methanol-based systems offer unique advantages for emergency response operations 

where rapid deployment, silent operation, and autonomy are critical. Unlike combustion 

generators, DMFCs operate quietly and without harmful emissions, making them 

suitable for indoor use or in sensitive environments such as emergency shelters 

[270,273]. 

The liquid fuel format simplifies logistics; methanol cartridges are compact, stable, and 

easy to transport without pressurised tanks. These sealed cartridges mitigate toxic 

exposure risk and facilitate safe handling even by minimally trained personnel 

[272,273]. This characteristic enables personnel to maintain operations without deep 

technical training, ideal for high-turnover or volunteer-dependent missions. 

The modularity of DMFCs supports integration with other power systems, such as solar 

or battery banks, enabling hybrid microgrid setups that improve resilience in unstable 

or energy-scarce regions [270,275]. As demonstrated in flexible DMFC systems, 

integration into portable diagnostic or telemetry equipment can extend capabilities in 

field clinics, mobile labs, or coordination hubs [275]. 

Field tests, including deployments exceeding 3000 continuous hours, affirm DMFCs’ 

suitability for demanding conditions. Water-resistance, ambient temperature tolerance, 

and passive airflow mechanisms extend operability in harsh climates [270,274]. These 

performance traits ensure energy continuity during critical missions, disaster recovery, 

or remote monitoring campaigns. 

Training requirements are comparatively low due to intuitive interfaces and simple 

maintenance, often limited to cartridge replacement and occasional filter checks [273]. 

These features reduce the burden on operators and make methanol systems highly 

deployable with little pre-deployment preparation. 

In summary, DMFC-based systems may address several needs of emergency response 

units, subject to validation. As performance and integration technologies improve, 

methanol systems could play a role in decentralised emergency power, depending on 

demonstrated reliability and logistics. 

  

https://www.efoy-pro.com/efoy/efoy-efoypro/
https://www.serenergy.com/site_v2/wp-content/uploads/2021/04/ProductSheet-SereneU-5-G4-web.pdf
https://dmfc-corp.com/product/model-3/
https://www.blue.world/products/fuel-cell-stack/
https://dmfc-corp.com/product/model-3/
https://siqens.de/fuel-cells/ecoport-methanol-brennstoffzelle/


 

71 

 

PUBLIC 

3.2. Emerging highly promising technologies (EHPETs) 

 

3.2.1. Wave Energy Converters 

 

 

Summary 

Wave Energy Converters are mechanisms used in wave energy conversion 

technology, to capture, transmit and transform wave energy into electricity. There 

are several types of Wave Energy Devices, whose ongoing evaluation using different 

approaches, whilst carefully choosing their stationing is crucial to achieve optimal 

results. Wave power is being explored as a promising option, with market activity 

increasing in selected regions, though deployment remains constrained by harsh 

environmental conditions, limited infrastructure and high manufacturing costs . 

However, WECs currently offer limited direct potential for emergency response 

operations, since they are only suitable in cases where camps are going to be located 

near coastal areas where WECs’ infrastructure is/ can be developed.  

I. Technical Function and Description 

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 

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 [277]. 

The wave energy devices and accordingly the wave energy convertors can be categor ised 

in different types, using as a criterion the location, the take-off system and their working 

method. The location where a WED can be placed is either the shoreline (On-Shore), 

near the shore (Near-Shore), or offshore (Off-Shore). 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. 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 [277,278] Significant Performance Metrics 

of WECs are shown in Table 40. 

Furthermore, considering the actual needs of wave power generation and the complexity 

of the working environment involved, three quantitative and 2 qualitative indicators can 

be selected to evaluate effectiveness of different WEDs. These are: 1) energy capture, 

2) technology cost, 3) environmental friendliness, 4) reliability and 5) adaptability. [7] 

In addition, there are other approaches to evaluate not only a WEC’s but also a site’s 

competence. This is quite important since the correlation between geographical 

  

Status: Market available / in Research and Development 

Key words: WECs, WEDs 
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characteristics and the implemented technology is quite strong and there is a significant 

interaction between them that affects energy production [279,280]. 

Table 40: Performance Metrics for Wave Energy Converters 

 

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

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 (for product examples and providers see Table 41 & 42).  

“Wave energy is a relatively underexplored renewable power generation technology” [283]. 

However, Wave Energy Converter technology is advancing and is expected to grow, with 

focus on increasing the WECs’ energy capture-production, improving their Power Take-

off systems and enhancing the WEDs’ reliability and survivability while maxim ising grid 

integration and minimising operating costs and environmental impact. To this end, new 

WEDs’ designs are being produced using improved Hydrodynamic systems materials 

and mechanisms with control systems that will util ise artificial intelligence (AI) 

technology, to forecast the wave energy, optimise harvesting performance and manage 

power generation systems [284–286]. 

Generally, 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 WECs using this technology in near-shore locations. The offshore 

sector is also expected to grow at the fastest rate, as offshore WECs can harness the 

most amount of wave energy, as wave energy resources are strongest in offshore 

locations [283]. 

A report by Ocean Energy Systems, a program of the International Energy Agency, states 

that there is a way for wave energy to generate 300GW by 2050 (which could power 

about 225 million homes, as reported by Cosmos). As pointed out by the World 

Metric/Property Value per Module 

Power Output (W) 

High: Typically, the power production of a WED ranges from 45KW to 750 KW.  

Optimal-sized and scaled WEDs can produce significantly more power, reaching up 

to 6 MW [278] 

Transport/Logistics 
Demanding: Tugboats, Barges, Dynamically Positioned Ships are used to transfer 

WEDs [278] 

Operational 

Robustness/ 

Durability 

Low: Typically, durability of a WED is characterised as low to medium.  

The WEDs are quite susceptible in harsh environments like the oceans [281] 

Maintenance 
High: Typically, the maintenance (preventive and corrective) of a WED is 

characterised as high to medium [279] 

Rapid, Intuitive and 

Safe Field Deployment 

Low: Typically, the positioning of a WED is quite demanding equally in scheduling, 

preparation, time and cost, thus its development hurdles are character ised as high 

to medium [281] 

Training 
Demanding: Operating WEDs require specialised knowledge in engineering as well 

as practical/ field experience 

Modularity and 

Microgrid use  

High: The modularity of WEDs is characterised as quite high since large facilities 

(farms) can be formed by combining several WEDs, that can lead to microgrid 

integration 

Acoustic Performance 

Challenging: The Marine life can be affected in terms of noise pollution by the 

WEDs’ operation, since the noise production (transient or continuous) because of a 

WED can reach 140 db 

The coastal areas are also affected in terms of noise disturbance by the WEDs’ 

placement and operation [280,282] 

Circular Economy 

Principles 

Low:  Circularity is currently low and would need to be improved by incorporating 

recycled materials and maximising their lifespan. This can be quite challenging 

because the ocean’s harsh environment is quite corrosive on WEDs’ parts  

Safety Medium: Typically, the safety level of a WED is characterised as medium [279] 
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Economic Forum, hitting this target would require wave energy efforts to increase by 

33% per year [287]. 

In the field of wave energy converters, the number of scientific publications is 

approximately equal to the number of active patents. As publication activity continues 

to grow, this suggests that theoretical research is progressing in parallel with 

technological development. 

China is the leading country in terms of patent filings, while Germany is currently not 

represented in the patent landscape. Within Europe, patent activity is limited to 

countries with extensive coastlines. Despite this regional concentration, overall research 

output in the field continues to increase (see Annex 1). 

Table 41: Global market key providers for Wave Energy Converters  

 
Table 42: Examples for related products 

Product Seller Link 

PowerBuoy® OceanPowerTechnologies Link 

HiWave-5 CorPower Ocean Link 

Our xWave Calwave Link 

CETO® Technology Carnegie Clean Energie Link 

AMOG Wave Energy Converter – Gen 1 AMOG Holdings Pty. Ltd Link 

OE 12 Buoy OceanEnergy Link 

OE 35 Buoy OceanEnergy Link 

 

III. Implications and Considerations for Emergency Response Organizations  

The placement of Wave Energy Convertors, together over a selected area, forming a farm 

or a park, 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. The installation of a wave energy 

farm is fixed and used in the specific area where it is placed. Thus, 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. Subsequently WECs could probably 

only facilitate emergency response organisations, with providing power, if rescue camps 

were set up next to them. 

There are several considerations when it comes to harnessing wave energy. First, wave 

power is an emerging energy technology that is costly and still in the early stages of 

development. The initial installation of WEDs requires a significant capital investment 

to develop systems that can withstand the harsh marine environment. Moreover, 

ongoing maintenance is costly and requires specialised equipment and skilled 

personnel. Wave power is also highly dependent on wave characteristics and water 

density. In some areas, wave behaviour is unreliable, and it becomes difficult to 

accurately predict wave power whereas 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. Additionally, ‘a through-life safety approach that 

systematically identifies system hazards, assesses and evaluates risks at each stage’ is 

required when producing a WEC. The greatest risk of WECs is system failure, which 

results in their inability to operate and the potential release of toxic chemicals into the 

ocean. There is also the possibility of a human accident when approaching them or even 

a sabotage. One other main concern is the impact on marine life. The presence of wave 

energy devices can disrupt sea habitats and behaviour in several ways, including 

disturbing thalassic mammals and altering the migration patterns and behaviour of 

marine species. Another consideration is the location of the WECs, since the wave energy 

Company Headquarters (Country) 

Ocean Power Technologies US 

Eco Wave Power Israel 

CorPower Ocean Sweden 

Wello Oy Finland 

Calwave US 

https://oceanpowertechnologies.com/products/powerbuoys/
https://corpowerocean.com/projects/
https://calwave.energy/solutions/
https://carnegiece.com/ceto-technology/
https://www.amog.consulting/renewable-energy/amog-wave-energy-device
https://oceanenergy.ie/oe12/
https://oceanenergy.ie/oe35/
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harvesting power stations need to be close to the coast and near cities and other 

populated areas to perform and power them directly. However, these areas are major 

thoroughfares for cargo ships, cruise ships, recreational vehicles and beachgoers. The 

installation of a wave energy harvesting device will disrupt all these parties since, 

besides being a physical obstacle, it may also alter seascape aesthetics and generate 

noise pollution [282,288–290]. 
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3.2.2. Sodium-Ion Batteries 

  

Status: Market available / in Research and Development 

Key words: NIBs, SIBs, or Na-ion batteries 

 

Summary 

Sodium-ion batteries are a type of rechargeable batteries, which 

use sodium ions (Na+) for electrodes and the electrolyte conductor may be aqueous 

or non-aqueous. Sodium is abundant and geographically widespread, which can 

contribute to cost reductions and potentially lower environmental impacts compared 

to lithium. Their use is more efficient in stationary energy storage cases 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. 

Their comparatively lower risk of thermal runaway improves transport safety, which 

could increase suitability for certain emergency operations. 

I. Technical Function and Description 

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. 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 (of preferred 

material the disordered carbon [291]) to the cathode (of one of the three materials [291]: 

transition metal oxides, polyanionic compounds and Prussian blue analogues)  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 [292] or 

can be made up of aqueous solution (such as Na2SO4 solution) [293]. 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 

(see Table 43). 

Compared to lithium-ion batteries, sodium-ion batteries offer potential advantages (e.g., 

cost, safety), while drawbacks such as lower energy density and efficiency currently 

necessitate larger system sizes.  

  

https://en.wikipedia.org/wiki/Rechargeable_batteries
https://en.wikipedia.org/wiki/Sodium
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Rechargeable_batteries
https://en.wikipedia.org/wiki/Sodium
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Chemical_polarity
https://en.wikipedia.org/wiki/Protic_solvent
https://en.wikipedia.org/wiki/Polar_aprotic_solvent
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Table 43: Performance Metrics for Sodium-ion Batteries 

Metric/Property Value per Module 

Energy density 100-170Wh/kg, R&D to reach 190Wh/kg [294] 

Power output Up to 1000W/kg 

Average voltage 0-4.3V / 800-1400 V 

Transport/Logistics Usually in larger volumes (due to relatively low energy density)  

Can be EU pallet compatible 

Obtained UN numbers1 and included in the regulations for transportation of 

dangerous goods, it is expected that less stringent regulations to be applied.  

Operational 

Robustness/ 

Durability 

Performance and excellent capacity at -20 oC - +60oC 

Lifetime is 2000-6000 cycles to 80% of capacity. R&D to reach 8000-10000 cycles 

[295] 

Maintenance Storage temperature -30 oC - +60oC  

Of low-maintenance due to their inherent stability and robust design 

Rapid, Intuitive and 

Safe Field Deployment 

An example of the cycling rates is a range of 2C (0.5 hour) to C/10 (10 hours. 

Also, inherently capable of fast charging (sub-20 min charge) 

Training  

Modularity and 

Microgrid use  

Sodium-ion batteries can be designed in various sizes and configurations, allowing 

for small-scale and larger-scale applications 

Individual battery modules can be combined to create larger battery banks,  

Acoustic Performance Low, normal operating sound is some level of electrochemical noise  

Circular Economy 

Principles 

Material in use, easy to recover and reuse through battery recycling and obtained 

with environmentally friendly and non-destructive techniques 

Safety Thanks to their relatively low risk of thermal runaway, they are considered non -

flammable.  pose smaller safety risks for transportation, compared to traditional 

lithium-ion batteries. Claimed to be safely transported at 0% state of charge, while 

lithium-ion require 30% of charging. 

Meets the national standard GB/T31485-2015 [296] 

 

II. 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 (for product examples and 

providers see Table 44 & 45). 

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 [296] Its 

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 [297]. Research was launched globally for non-

lithium-ion batteries. 

Already in 2011 Aquion Energy, a spinoff of the Carnegie Mellon University, launched 

its first product, a battery stack of 1.5kWh storage with many charge/discharges cycles, 

relatively low cost and low overheat risk. After the provision of the market for some 

commercial applications, in March 2017 went bankrupt due to inability of getting more 

funding. On the other hand, Faradion Ltd, also founded in 2011, actively working since 

then to establish Na-ion technology in energy storage, has achieved 21 patent families 

and has been recently acquired by Reliance Industries Ltd., India’s largest private 

company with the intention to heavily invest in Sodium-ion battery technology as a 

sustainable, low-cost, safe and efficient alternative to lithium-ion and lead technology 

batteries. 

In Europe, French Tiamat is considered a leading manufacturer in this field, together 

with AMTE Power PLC a UK-based developer and manufacturer of lithium-ion and 

sodium-ion battery cells for niche markets, and the Swedish Altris. Tiamat aims to build 

a gigafactory entirely dedicated to the production of sodium-ion battery cells, with EU 

and French-state funds. 
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In USA, Natron is the only commercial sodium-ion battery manufacturer in the USA, 

currently building a sodium-ion battery gigafactory in North Carolina, aiming to be a 

key player in the US energy storage market. 

Nevertheless, the Asia Pacific region, particularly China, dominates the sodium-ion 

battery market. This dominance is driven by large-scale manufacturing capabilities, 

significant investments in research and development, and supportive government 

policies promoting renewable energy and electric vehicle adoption. Key players like 

HiNa Battery Technology Co. Ltd (producing mainly Energy Storage Systems) and the 

Chinese power battery giant CATL (which marked innovation in the industry with the 

production of a battery of energy density as high as 160Wh/kg) are leading the way this 

region, while Chinese automotive company BYD started recently the construction of a 

sodium-ion battery facility in China mainly aiming to incorporate these batteries into 

electric vehicles. The facility is part of BYD plans to diversify its energy storage solutions 

with more cost effective and environmentally sustainable options.  

To conclude, the Sodium Ion Battery Market was valued at 1.29 USD Billion in 2023 

and is projected to grow to 8 USD Billion by 2035. The market is driven by the demand 

for sustainable energy storage solutions and the depletion of lithium resources, leading 

to increased interest in sodium-ion technology [298]. 

Research and Development activities focusing on enhancing the performance of sodium-

ion batteries, including increasing energy density and cycle life, have gained momentum 

over the recent years. Big players, such as Tesla and Panasonic are exploring sodium-

based technologies and are leading investments in the area, what enhances both 

product development and viability, but also production capacities as well [299]. This 

technology aligns with governmental priorities for clean energy and sustainable 

alternatives. 

Sodium-ion batteries represent a developing technology that continues to attract 

considerable research interest. Although the number of annual publications remains 

high, the growth rate has recently begun to decline, possibly as a result of the already 

extensive body of literature. 

The patent landscape is dominated by Chinese applicants, with no European company 

represented among the top 100 patent holders in this field (see Annex 1). 

Table 44: Global market key providers for Sodium-Ion Batteries 
Company Headquarters (Country) 

AMTE power, acquired by LionVolt UK / Netherlands 

Faradion Ltd acquired by Reliance Industries UK / India 

Altris Sweden 

Natron Energy USA 

Tiamat France 

HiNa Battery China 

CATL China 

Table 45: Examples for related products 

Product Seller Link 

BluePack™ Critical Power Battery Natron Energy Link 

NACR/NaCP products HiNa Battery Link 

Sodium-ion high power battery Tiamat Link 

Altris NaBOB patented electrolyte Altris Link 

MC Cube-SIB ESS  BYD Link 

 

  

https://natron.energy/products/bluepack-critical-power-battery
https://www.hinabattery.com/index.php?catid=28
https://www.tiamat-energy.com/wp-content/uploads/2025/03/202502_datasheet-pristmatic-cell_V2.pdf
https://www.altris.se/technology
https://www.energy-box.com/post/battery-prices-drop-byd-s-sodium-ion-innovation-leads-the-charge
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III. Implications and Considerations for Emergency Response Organizations  

Sodium-ion batteries are considered to have unique advantages such as high energy 

conversion efficiency, long cycle life, good stability, low maintenance cost, and good 

safety. 

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 generation is 

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 (they 

obtained UN numbers13 only in 2024), 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 suitable for 

longer-term Emergency Shelter installations, rather than for Bases of Operations or 

short-term shelters that require rapid deployment and dismantling by first responder 

teams. Ongoing R&D is expected to deliver products with higher energy density, which 

may broaden their use in faster-deployment settings in the future. 

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 with 

no particular restrictions. They demonstrate comparatively strong performance in low 

temperatures, compared to other types of batteries, as they are reported to retain over 

92% capacity even in freezing conditions of -20°C [299]. 

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. 

 

  

 

 
13 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. 
 

https://en.wikipedia.org/wiki/United_Nations
https://en.wikipedia.org/wiki/Committee_of_Experts_on_the_Transport_of_Dangerous_Goods
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3.2.3. Metal Hydrides of Hydrogen Storage 

  

Status: Research and Development 

Key words: H2, MeH, Metal Hydride, Energy Storage, Hydrogen Storage  

 

Summary 

Metal Hydrides are one of several investigated hydrogen storage approaches 

utilising 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 pressurised gas storage, metal hydrides 

represent a potential approach, providing a solid and stable reversible hydrogen 

reservoir. For broader adoption, several technical and economic challenges remain, 

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. Technical Function and Description 

To substitute large gas tanks or cylinders, metal hydrides utilise the chemisorption 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.  

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 (see Table 46). 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. 

The following table includes some basic information on the use of Metal Hydride tanks 

as a storage medium for Hydrogen [121,300]. 
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Table 46: Performance Metrics for Metal Hydride Storage 

Metric/Property Value per Module 

Energy Density 

(indicative values 

converted from 

Hydrogen weight 

stored) 

Gravimetric Hydrogen Storage Capacity (wt%): 1% to 9% (or 0.01-0.09 kg H2/kg 

hydride)  

Volumetric Energy Density (kWh/L): 1.22 kWh/L (for TiMn2 metal hydride tank)  

Gravimetric Energy Density (kWh/kg): 0.31 kWh/kg (for TiMn2 metal hydride tank)  

[301] 

Transport/Logistics Heavy tanks, mostly suitable for stationary applications (energy storage areas in 

facilities) 

Operational 

Robustness/ 

Durability 

Metal Tanks are generally resilient, main concern is embrittlement after multiple 

charge/discharge cycles 

Maintenance Tank replacement when performance drops due to embrittlement, 

temperature/pressure monitoring. Dry conditions ideal and hydrogen stream must 

be free of moisture 

Rapid, Intuitive and 

Safe Field Deployment 

Large vehicles may have metal hydride storage but in general this is a stationary 

deployment (facility or larger scale storage) 

Training . / . 

Modularity and 

Microgrid use  

Multiple tanks can be linked to create storage stacks 

Acoustic Performance . / . 

Circular Economy 

Principles 

Metals from tanks can be recycled after embrittlement, no other waste produced, 

only circulating substance is Hydrogen 

Safety Safe, temperatures and pressures regulated (120 °C and 200 °C, close to 

atmospheric pressures) 

 

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

Conventional pressurised 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 (for product examples and providers see Table 47 & 

48). 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. Factors such as the weight of the Metal Hydride tanks, hydrogen 

embrittlement and the high Hydrogen purity, coupled with low humidity, are the 

inhibiting factors preventing Hydrogen from reaching a more widespread use.  

Regarding the relevant market data, 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 21%. However, a very low 

percentage of this belongs to metal hydride storage, yielding the majority to 

conventional pressurised or cryogenic Hydrogen instead. An increase in the need for 

Hydrogen, or a transition to hydrogen as mobility fuel could accelerate market growth, 

intensifying the research for Hydrogen storage [302]. 

Table 2 below shows some main providers of Metal Hydride storage and Table 3 

examples of some available products in the market. Most of the products can be 

customised according to the needs.  

The technology is predominantly situated within the research domain, although a limited 

number of patents have already been filed. As with crystalline silicon photovoltaic cells, 

France is a key actor, particularly through the Commissariat à l'énergie atomique et aux 

énergies alternatives. Apart from this, patent activity is primarily concentrated in China. 

In Germany, BASF SE ranks 20th, holding five active patents.  

Research output in this field has remained relatively stagnant since the 2010s (see 

Annex 1). 



 

81 

 

PUBLIC 

Table 47: Global market key providers for Metal Hydride Storage  
Company Headquarters (Country) 

Mincatec France 

HYDROGENERA Bulgaria 

Bronkhorst Taiwan 

MAHYTEC France 

GRZ Technologies Switzerland 

MetHydOr Italy 

h2planet Italy 

Harnyss USA 

 
Table 48: Examples for related products 

Product Seller Link 

MYH2 H2planet Link 

Hydor system (modular/rack) MetHydor Link 

Metal Hydrid containers Hydrogenera Link 

Dash M-series GRZ technologies Link 

 

III. Implications and Considerations for Emergency Response Organizations  

There are several challenges for Metal Hydride storage on its road to the market, which 

directly relate to the applications envisioned by emergency response organizations. 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 1% to 9%. As such, 

storage tanks end up being much heavier than other systems for on board storage, with 

tanks weighing more than 250kg. This limits the use of metal hydrides for mobile 

applications at present. This currently restricts portable applications for emergency 

response organizations, and the stationary storage deployments need to be secured on 

solid ground. Interestingly, for applications that already use ballast, like forklifts or 

cranes, such systems can use the added weight as benefit, providing fuel storage while 

also acting as counterbalances if necessary [303]. 

Raw material and manufacturing costs remain comparatively high, currently limiting 

competitiveness with conventional storage tanks; 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 moisture in the air so the process 

needs to remain dry and hydrogen fed during recharging needs to be rid of humidity 

[304]. Thus, increased cost and potentially precarious conditions may deter emergency 

response organizations who may look for a more rugged or cost-effective method of 

storage from opting for Metal Hydride storage. 

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 minimise the effect [305]. 

Hydrogen embrittlement is an issue in Hydrogen circulation in general, and concerning 

storage in particular, it raises concerns for response forces regarding long-term 

reliability and lifecycle costs. The decreasing performance due to embrittlement 

coupled with the increased costs to eventually replace the degrading tanks may pose as 

a deterrent for adoption of this storage approach, or hydrogen solutions in general.  

  

https://www.h2planet.eu/en/landing_page/myh2_2
https://methydor.com/#solutions
https://hydrogenera.eu/technology/hydrogen-storage
https://grz-technologies.com/dash-m-series/
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3.2.4. Solid-State Batteries 

 
  

Status: In research & development; limited early-stage commercial 

applications 

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 may reduce emissions in emergency 

response operations by offering safer, higher-capacity energy storage. Although not 

yet widely available and currently associated with higher costs compared to lithium-

ion systems, due to limited large-scale production capabilities. Ongoing R&D efforts 

are projected to improve market presence and cost-competitiveness in the 2025–

2035 timeframe. 

I. Technical Function and Description 

Solid-State Batteries (SSBs) are advanced energy storage systems that replace the 

traditional liquid electrolytes found in lithium-ion batteries (LIBs) with solid materials. 

This change significantly improves safety, energy density, and longevity  (see Table 49). 

SSBs are under active development for electric vehicles (EVs), aerospace, and stationary 

energy storage due to their enhanced performance characteristics [306,307]. 

 

Unlike LIBs, which use liquid or gel-like electrolytes, SSBs utilise solid electrolytes made 

from ceramics, sulphides, or polymers. This substitution eliminates flammable 

components, reduces the risk of thermal runaway, and allows for the use of lithium 

metal anodes. Lithium metal offers much higher theoretical energy density and 

improved cycling life due to reduced side reactions at the electrode–electrolyte interface 

[306,308]. 

 

Structurally, SSBs maintain the three core battery components: anode, cathode, and 

electrolyte. However, the liquid electrolyte and separator in LIBs are replaced by a solid 

electrolyte, which often serves both functions—conducting lithium ions and preventing 

short circuits. This design enables closer electrode integration, helps suppress dendrite 

formation, and supports thinner, more compact battery configurations (Burton et al., 

2025). These properties indicate potential suitability for critical applications, including 

emergency response and operation under extreme environmental conditions [309]. 

 

There are several types of solid electrolytes, each with distinct properties and 

limitations: 

 

• Solid Polymer Electrolytes (SPEs): Lightweight and flexible, often compatible 

with lithium metal anodes. However, they suffer from low ionic conductivity at 

room temperature and typically require elevated temperatures [310]. 

• Garnet-Type Electrolytes (e.g., LLZO): Highly stable with lithium and thermally 

robust but are brittle and difficult to process. High interfacial resistance remains 

a challenge [310]. 
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• NASICON-Type Electrolytes: Offer good thermal and electrochemical stability, 

though compatibility with lithium metal can be limited in some compositions 

[310]. 

• Sulfide-Based Electrolytes (e.g., Thio-LISICON): Deliver very high ionic 

conductivity (up to 10⁻² S/cm) and are easily processable. However, they are 

highly reactive to moisture, producing toxic hydrogen sulfide gas (H₂S) [310]. 

 

Despite their advantages, SSBs still face considerable hurdles regarding large-scale 

manufacturing, cost efficiency, and interface engineering [307,311]. Nevertheless, 

technological progress is expected to accelerate their market adoption and economic 

viability significantly between 2025 and 2035 [306,312]. 

 

Table 49: Performance Metrics for Solid State Batteries 

Metric/Property Value  

Energy Density State-of-the-art solid-state batteries (SSBs) show gravimetric energy densities of 

300–500 Wh/kg and volumetric densities up to 1150 Wh/L, depending on the solid 

electrolyte and cell architecture [311]. 

Transport/Logistics Solid-state batteries (SSBs) offer reduced weight and size at the pack level 

compared to conventional lithium-ion batteries, due to higher energy density 

enabling smaller, lighter battery systems   [313,314]. However, transport and 

packaging requirements remain similar to lithium-ion batteries, as they are 

regulated under the same hazardous materials rules (e.g. UN  3090/UN 3480) and 

must be shipped at ≤ 30 % state of charge according to IATA/ICAO guidelines  [315]. 

Operational 

Robustness/ 

Durability 

Solid-state batteries (SSBs) have demonstrated cycle stability of over 1,000 

charge/discharge cycles with ≥  90–95% capacity retention under controlled 

conditions, as seen in prototypes from Toyota and others[316]. However, durability 

is strongly influenced by mechanical degradation mechanisms, including interface 

fractures, void formation, and electrode stack pressure, that can impair long-term 

performance if not properly engineered [317]. 

Maintenance Solid-state batteries require very low maintenance, as their solid electrolytes 

eliminate liquid electrolyte degradation and leakage issues, removing the need for 

periodic electrolyte inspections. Battery management systems still perform typical 

monitoring, but the overall maintenance demands are substantially lower 

compared to conventional liquid‑electrolyte systems [318]. 

Rapid, Intuitive, and 

Safe Field Deployment 

Recent deployments of SSB and semi-SSB systems (e.g., WeLion and Ion Storage 

Systems) show that these batteries can be safely integrated into existing 

infrastructure and used in real-world grid or defense settings [319–321]. 

Training No specific data on training duration are available.  

Modularity and 

Microgrid use 

Recent advances show solid-state batteries can be implemented in modular, 

scalable formats for microgrid deployment, enabling system-level fault isolation 

and control, while pilot projects confirm use in multi ‑module grid-connected 

systems of up to several hundred MWh [319,322]. 

Acoustic Performance No specific data on acoustic performance are available.  

Circular Economy 

Principles 

Solid‑state batteries require chemistry-specific recycling strategies, including 

dissolution‑based and direct regeneration techniques, to recover both electrolyte 

and electrode materials. The adoption of flexible, modular recycling infrastructures 

is seen as essential to support circular economy principles and maximise resource 

recovery [323,324]. 

Safety Modern solid-state lithium batteries (SSLMBs) improve safety by using 

non‑flammable solid electrolytes, significantly reducing fire risk compared to 

liquid‑electrolyte systems. Nonetheless, they remain vulnerable to thermal 

runaway, interfacial chemical instability, and lithium dendrite formation, 

potentially causing exothermic reactions or internal short circuits [325]. 
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II. Current Technological Development Trends/Development Trends & Market 
Analysis 

As of early 2025, fully solid-state batteries are not yet commercially available (for 

stakeholders see Table 50). 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 [326]. 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 % of the original costs in 2030 [326]. 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 

[326]. 

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 ongoing debate over terminology, semi-solid or hybrid solutions demonstrate 

improved safety and longevity compared to traditional lithium-ion batteries [327]. 

Since 2015, the number of scientific publications on solid-state batteries has increased 

significantly, reaching over 2,000 publications in 2024. The patent landscape in this 

field is primarily led by Japan, with Toyota as the most prominent applicant, fol lowed 

by South Korea, particularly through companies such as LG and Samsung. By contrast, 

Chinese entities are only minimally represented. 

Within the European context, Germany leads patent activity, with key contributions from 

Robert Bosch GmbH, BMW AG, and the Volkswagen Group (see Annex 1). 

Table 50: Overview of relevant Stakeholders for SSB development 

Organisation Name Headquarters 
Location 

Technology Focus 

QuantumScape USA, California Developing lithium-metal SSBs for electric vehicles with 

Volkswagen partnership. 

Solid Power USA, Colorado) Producing sulfide-based SSBs, with backing from BMW and 

Ford. 

ProLogium Technology Taiwan (Taipei) Developing ceramic-based SSBs for EVs and energy 

storage. 

Toyota Japan  Focused on oxide-based SSBs for hybrid and fully electric 

vehicles. 

Sakuu USA California 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 ISI Germany  Evaluating SSB development potential.  

Ilika UK  Developing thin-film SSBs for IoT, medical, and industrial 

applications 

Blue Solutions (Bolloré 

Group) 

France  Producing polymer-based SSBs for buses and stationary 

storage. 
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III. Implications and Considerations for Emergency Response Organizations  

Solid-state batteries (SSBs) offer significant advantages for emergency response 

organizations by enhancing the safety, logistics, and reliability of energy supply in crisis 

scenarios. Their design, which replaces flammable liquid electrolytes with solid -state 

materials, greatly reduces the risk of fire or explosion during transport and use. This 

safer chemistry simplifies regulatory requirements for shipping and enables secure 

deployment by truck, rail, or even air [318]. 

 

Owing to their high energy density and compact form factor, SSBs reduce both volume 

and weight in logistical chains, making them suitable for mobile units, container ised 

power systems, and temporary shelters. Their modularity further allows for scalable 

configurations, ranging from individual storage units to fully integrated microgrids, 

facilitating tailored energy solutions based on situational needs [318].  

 

In terms of operational performance, SSBs excel under harsh environmental conditions, 

including extreme heat, cold, and humidity. Unlike conventional lithium-ion batteries, 

they maintain stability and performance without the risk of thermal runaway, even in 

disaster-prone or moisture-heavy environments. This makes them particularly valuable 

for deployment in coastal areas, flood zones, or locations with extreme temperatures 

[309,310]. 

 

Training requirements for SSB systems are expected to be moderate. While less 

maintenance is needed due to the absence of liquid electrolytes, personnel must still 

be trained in battery management, integration into microgrid controllers, and basic 

troubleshooting to ensure safe and effective use in the field [311]. 

 

Although SSBs offer safety advantages, risks remain under conditions such as 

mechanical damage or improper system integration. To mitigate these, robust casings, 

tamper-proof enclosures, and automated battery management systems (BMS) are 

recommended. These systems monitor thermal loads, voltage, and state-of-health 

parameters in real time, enhancing the resilience and safety of battery deployment in 

critical environments [306,312]. 
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3.3. Emerging moderately promising technologies 
(EMHPETs) 

The emerging, moderately promising technologies can be divided into two categories: 

established topics with several thousand publications and patents, and emerging topics 

with fewer than a thousand publications and patents (see Annex 1). 

Established technologies include perovskite and tandem solar cells, which continue to 

be intensively researched. In this area, China is the sole player on the patent side. 

Another example is lithium-sulfur batteries, which exhibit very strong research activity 

with over 14,000 publications (with a rising trend). The patents, currently at 3,000, are 

also on the rise, with China and the USA leading in this field. In Europe, Germany, 

particularly through Robert Bosch GmbH, holds a leading position. Metal-air batteries 
have also experienced a nearly linear increase in research since 2010 and continue to 

be intensively studied. However, European patents are scarcely represented in this area; 

the leading players are South Korea, China, and the USA, with Israel also being an 

interesting player in this context. 

In contrast, the less established technologies are still in the development phase. This 

includes solid-state wind energy technologies, where China takes the lead, while Spain 

is the only European country able to keep pace. Research in this area is slowly gaining 

momentum. The airborne wind & kites technology is strongly represented in Europe, 

particularly in Denmark, but has a very low number of patents (under 100) and 

publications, with a declining trend. 

On the other hand, research in hydrogen-fueled internal combustion engines (H2 ICEs) 
is currently increasing significantly, and patents are expected to follow soon. Europe is 

leading in this area, especially Germany (Robert Bosch GmbH), Sweden (AB Volvo), the 

United Kingdom (Infineum INT Ltd.), and Belgium (Umicore NV). Methanol is at a similar 

stage of development, with the USA, represented by companies like Caterpillar Inc. and 

Chevron USA Inc., being more in focus. In Europe, Germany, particularly through Robert 

Bosch GmbH and MAN Energy Solutions SE, is also active. 
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3.3.1. Perovskite & Tandem Solar Cell 

Perovskite and tandem PV cells are next-generation photovoltaic technologies with high 

power conversion efficiencies, reaching over 25% for perovskites and exceeding 33% 

for perovskite-silicon tandem configurations, by stacking two complementary absorbers 

to capture a broader solar spectrum [328]. Their lightweight, flexible design and 

expected lower-cost manufacturing make them promising alternatives to conventional 

silicon photovoltaics [328]. 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 [329,330]. Advances in encapsulation 

techniques and material engineering are being explored to enhance their durability and 

operational lifespan [329–331]. Tandem solar cells mitigate some of these issues by 

integrating silicon, improving overall efficiency and longevity [332].  

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 maximise energy output in 

space-limited environments. Perovskite-silicon tandem PV panels require significantly 

less space (ca. 40%) 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 stakeholders 

for development are Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE), 

Oxford PV, LONGi, EPFL (École Polytechnique Fédérale de Lausanne, Switzerland), IMEC 

(Interuniversity Microelectronics Centre, Belgium), CEA-Liten (Commissariat à l'énergie 

atomique et aux énergies alternatives, France), Instituto de Energía Solar (IES, Spain). 
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3.3.2. Airborne Wind Energy Systems 

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 [333]. 

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 optimised to function during 

lower wind speeds, increasing profitability in fluctuating electricity markets [333]. 

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 

[333,334]. 

Recent research suggests a shift from cost-driven AWES design toward value-driven 

optimization. Instead of focusing solely on minimising the Levelised Cost of Energy (LCoE), 

studies highlight the importance of maximising revenue through energy market integration. 

The Levelised Profit of Energy (LPoE) metric, which accounts for fluctuating electricity prices, 

indicates that systems optimised for low-wind-speed operation can yield higher returns in 

deregulated energy markets. While such market-oriented approaches dominate current 

research, off-grid applications like those targeted in POWERBASE have not yet been a primary 

focus. This technology could become particularly promising once development moves toward 

automated, easy-to-use solutions, which would enable reliable power generation across a wide 

range of geographical settings—potentially offering a much broader application spectrum than 

micro-hydro systems [335]. 

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 [334,335]. 

Zeppelin-carried high-altitude wind power systems are a sub-type of airborne wind energy, 

sharing the same principle as kite or drone systems: a tethered flying device captures strong, 

steady winds at altitude and transmits the power to the ground. Current projects remain at the 

pilot and early-demonstration stage, with a few prototypes tested but no large-scale 

commercial deployment to date. 
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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 utilising electrohydrodynamic processes [336], vortex-induced 

vibrations [337,337–339], or enclosed (or semi-enclosed) wind turbine systems [340]. 

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 [337]. 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[341]. 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 [342]) practically with up to 500-900 Wh/kg [343] more than 

lithium-ion, ca. 270 Wh/kg, thanks to sulphur-based cathodes and distinct conversion 

reactions. [342]. However, their lower volumetric density means they are lighter but 

likely bulkier than lithium-ion [344]. They also benefit from sulphur’s abundance, 

reducing reliance on metals like cobalt and nickel. [345] 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. [342,346], with a with a 

Gigafactory planned for 2027 [347].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 minimising 

weight can be critical. Relevant stakeholder for development are Lyten, Monash 

University, Fraunhofer Institute for Material and Beam Technology (Fraunhofer IWS, 

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 oxidiser and enabling much higher energy densities 

than lithium-ion batteries [348–350]. Chemistries include zinc-air, aluminium-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 [348–350]. Unlike lithium-ion batteries, they lack flammable organic 

electrolytes, reducing thermal runaway risks. Currently, only zinc- [351]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 [348–350]. 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 stakeholders 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-Fuelled Internal Combustion Engines 

Hydrogen-Fuelled 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 [352–

354]. 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 specialised 

components and safety infrastructure [353]. 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 (CH₃OH) is considered a possible 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 synthesised from biomass (bio-

methanol) or through the combination of captured CO₂ 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 eng ines 

but also in fuel cells and chemical processes [355–357]. 

 

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 CO₂ capture technologies [355,356]. 

 

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 CO₂ from a ferrosilicon plant. Germany is home to 

several power-to-methanol initiatives, including Dow’s large-scale project and the 

MefCO2 initiative, which synthesises methanol from captured CO₂ and excess electricity 

[356]. 
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3.4. Emerging lowly promising technologies (ELPETs) 

The technologies can be divided into three categories: Many patents (more than 

10,000), these technologies are already well established. Moderate number of patents 

(more than 2,000), these technologies are in application and show promising 

approaches. Few patents (under 500), these technologies are still heavily research-

driven or considered less promising (see Annex 1). 

Among the technologies in the first category are supercapacitors, which are primarily 

driven by China. Interestingly, Politechnika Poznanska is the organization with the 

second-highest number of active patents in this field.  

In the second category, we find technologies such as flywheel (mechanical energy 
storage) and compressed air energy storage (CAES), both of which are exclusively 

dominated by China. In the case of E-Ammonia, Switzerland, represented by Casale SA, 

and Germany's Thyssenkrupp AG are also leading.  

The third category includes technologies with few patents, such as Carnot batteries, 

which are also driven by China, as well as E-fuels, where Germany, represented by 

Daimler AG, plays a leading role. Generally, a significant number of patents are 

attributed to the automotive industry. In the field of tidal energy generators, alongside 

China, South Korea and Finland are also active. In the areas of small modular (nuclear) 
reactors and liquid organic hydrogen carriers, South Korea is leading. Interestingly, 

Saudi Arabia holds the second position in liquid organic hydrogen carriers, while France 

occupies a top position in Europe. Several German companies, such as N-Ergie AG and 

Hydrogenius Lohc Technologies GmbH, are also active in this field. With only 50 patents, 

pedal-powered generators are hardly present in application-driven research, with 

Japan, led by Shimano Inc., at the forefront. 
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3.4.1. Small Modular (nuclear) Reactors 

Small Modular Reactors (SMRs) are nuclear reactors with electrical outputs of up to 300 

MW [358], while a subset, microreactors (MRs) or very small SMRs (vSMRs), typically 

range from 1 to 20 MW and can be either stationary or mobile [359]. Their compact 

size allows for modular factory construction and transportability, reducing build times 

and improving quality control [359]. Passive and active safety features minimise the 

risk of major radioactive releases, and deployment options include land-based, multi-

module, or floating units, such as ship or truck-mounted reactors [360]. SMRs offer 

scalability, a stable energy supply, and a smaller emission footprint, but regulatory, 

waste management, and ethical challenges remain significant hurdles [360–363]. 

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 [364]. 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. RTidal 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 [365–368]. Unlike wind and solar power, tidal energy follows a fixed, regular 

cycle, making it one of the most predictable renewable sources [365–368]. 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 [365–368]. They can be installed on the seabed or as floating 

platforms, enabling deployment in remote coastal and island communities [365–368]. 

Depending the unit size, they have range of capacity of 100kW [369] to 2,4 MW [370], 

10 hours [371] 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. 
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3.4.3. Pedal-Powered Generators  

Pedal-Powered Generators harness human kinetic energy to produce electricity, offering a 

decentralised and sustainable power source. These systems convert mechanical energy from 

pedalling 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 [372–376]. 

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 [372–374]. Some systems generate up to 114 W, 

sustaining multiple devices like mobile phones and laptops for over four hours [375]. 

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 pedalling to generate forty minutes of light [373]. In cities, they 

integrate into fitness equipment, promoting exercise while generating power [372,374,376]. 

Public spaces such as parks also utilize them for device charging [375]. 

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 [372,374–376]. 

  



 

98 

 

PUBLIC 

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 [377]. Research is focused on improving catalysts, process heat 

integration, and optimising 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 [99,101,377–379]. 
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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 decarbonising 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 (CO2), captured from 

industrial emissions, biomass combustion and biogas production or directly from the 

air (DAC). E-hydrogen can be combined with CO2 to create e-methanol, e-methane, e-

diesel, and other fuels, or with nitrogen to produce e-ammonia [356]. 

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 

40% loss [380]. The current high cost of green hydrogen and CO2 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) [380]. 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 [356,357,380]. 
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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 [381]. 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 [356]. 

One key advantage of e-ammonia is its high hydrogen content, making it an efficient 

fuel for internal combustion engines (ICEs) [356]. Additionally, it can be stored and 

transported more easily than hydrogen, providing a stable energy supply [357]. It can 

also be blended with other fuels, such as diesel, to enhance combustion performance 

and reduce carbon emissions [382]. 

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 

[356]. Moreover, its combustion characteristics, such as high ignition energy and low 

flammability [381], 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 

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 McIntosh, USA, follow a diabatic process in which compression heat is lost and 

fossil fuels are required for reheating, limiting efficiency to 42–54% [383]. Advanced adiabatic 

CAES (A-CAES) improves efficiency beyond 70% by capturing and reusing this heat, eliminating 

the need for fossil fuel combustion [384]. 

Optimising 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 [385]. 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 [384]. 

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 utilising waste heat 

[386]. 

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 [383,385]. 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., 

MnO₂, RuO₂) or conducting polymers (e.g., polyaniline, polypyrrole) [387,388]. 

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 [387,389]. 

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 [388,389]. 

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 [389]. 

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 [387–

389]. 
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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 [390]. 

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 [391]. 

The heat is stored in a medium such as molten salts, solid particles, or compressed air, chosen 

based on heat capacity, cost, and stability [392]. 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 [391]. Their long lifespan, estimated at 20–30 years, surpasses 

that of electrochemical batteries [390]. However, efficiency constraints remain a challenge, as 

round-trip efficiency ranges between 40% and 70%, depending on the thermodynamic cycle 

and storage medium [392]. 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 [390]. Large-scale implementation requires 

significant infrastructure investment, though costs are expected to decline with further 

advancements [391]. 

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 [392]. European and Australian projects are actively 

exploring their real-world viability [390]. 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 [391]. 
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3.4.10. Flywheel Energy Storage 

Flywheel Energy Storage (FES) stores energy as rotational kinetic energy using a 

spinning mass powered by an electric motor [393–396]. 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 [394,396,397]. 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 [394] [393–396]. While vacuum-sealed and underground 

installations could help mitigate some challenges, high costs, weight, and energy 

density constraints limit widespread adoption [393,397]. 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 [394,396]. 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 LinkedIn 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 (see Table 51).  

Table 51: Overview Holistic System Provider 

Product 
Name 

Company/ 

Actor 
Description Link 

Hybrid Solar 

Generator 

Systems 

Volta 

Energy 

Mobile hybrid solar generators providing 

sustainable energy solutions for various 

applications. 

https://volta-

energy.com/en/hybrid-

solar-generator-

systems/ 

Sesame Solar 

Mobile 

Nanogrids 

Sesame 

Solar 

Mobile solar nanogrids designed for rapid 

deployment in disaster response 

scenarios. 

https://www.sesame.s

olar/ 

Mobile Energy 

Storage 

Power Vehicle 

Tecloman Vehicles equipped with energy storage 

systems for mobile power supply. 

https://www.tecloman.

com/product/mobile-

energy-storage-power-

vehicle/ 

Sun Titan™ 

Power Trailer 

RPS Solar 

Pumps 

Off-grid power plant featuring solar, 

battery, and diesel backup on a trailer. 

https://shop.rpssolarp

umps.com/products/of

f-grid-power-plant-

solar-battery-diesel-

backup-trailer 

SCT-20 

Mobile Solar 

Generator 

with Light 

Towers 

CleanAir 

Engineerin

g 

Mobile solar generator equipped with light 

towers for illumination and power supply. 

https://www.cleanair.c

om/product/sct-20-

mobile-solar-generator-

with-light-towers/ 

Hybrid Solar 

Trailer 

Homestead 

Hybrid 

Solar trailer offering 12,000W output with 

30kWh storage and 11kW backup 

generator. 

https://www.homestea

dhybrid.com/products

/hybrid-solar-trailer-

12-000w-output-

30kwh-of-storage 

Mobile 

Emergency 

Response 

Vehicle 

United 

Energy 

Vehicle designed to support local 

communities during emergencies with 

mobile power. 

https://www.unitedene

rgy.com.au/media-

centre/new-mobile-

emergency-response-

vehicle-to-support-

local-communities/ 

The Nomad 

System 

Nomad 

Power 

Mobile energy supply units ranging from 

214 kWh to 2 MWh capacities. 

https://www.nomadpo

wer.com/products 

Energy 

Container for 

Self-Sufficient 

& Hybrid 

Emergency 

Power Supply 

SFC Public 

Security 

Energy containers providing self-sufficient 

and hybrid power supply for disaster 

management. 

https://www.sfc-

publicsecurity.com/en

/energy-container-for-

self-sufficient-hybrid-

emergency-power-

supply-in-civil-

protection-and-

disaster-management/ 

ContainerHyb

rid 

MobilHybri

d 

Containerized power supply offering 

flexible and powerful energy systems. 

https://mobilhybrid.de

/en/containerhybrid-2/ 

MH 108 MobilHybri

d 

Mobile hybrid power system with a 108 

kWh battery storage capacity, designed 

for efficient and sustainable power supply. 

https://mobilhybrid.de

/en/product/mh-108/ 

Mobile 

Battery 

Energy 

Systems 

Generac 

Mobile 

Mobile battery energy storage units 

designed for various applications. 

https://www.towerlight

.com/mobile-battery-

energy/ 
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Hybrid Power 

Systems 

VINCORION Hybrid energy systems integrating diesel 

generators with battery storage and 

renewable sources for emergency and 

military use. 

https://www.vincorion.

com/wp-

content/uploads/2022

/04/241007_VINC_DB

_SEA_PGM_ESM_DE_DI

NA4_Web-1.pdf 

Solartainer Africa 

GreenTec 

Mobile, scalable solar energy solution 

providing off-grid power with integrated 

storage for sustainable electricity in 

remote and emergency situations. 

https://www.africagree

ntec.com/impactprodu

cts/solartainer/ 

Hybrid Bio 

Solar 

Generators 

mobilespac

e 

Environmentally friendly, self-sufficient 

solar trailers offering up to 45 KVA power 

with integrated battery storage. 

https://www.mobilesp

ace.de/en/rental/renta

l-vehicles/power-

generator 

Hybrid 

Generators 

The Green 

Generators 

Innovative hybrid generators utilising 

solar panels, achieving up to 95% lower 

fuel usage and CO₂ emissions 

https://thegreengener

ators.com/ 

hybrid Wind-

Diesel Power 

Plant (Faroe 

Islands) 

MAN 

Energy 

Solutions 

Hybrid power system integrating wind 

energy with diesel backup for stable and 

reliable energy supply in remote 

locations. 

https://www.man-

es.com/energy-

storage/solutions/hybr

id-power 

Genesal 

Energy 

Solutions 

Genesal 

Energy 

Provides hybrid-power solutions for 

emergency, industrial, and defense 

applications 

https://genesalenergy.

com/en/ 

Lithium 

Power Supply 

(LPS) II Kit 2 

with Inverter 

and Panels 

Clayton 

Power 

All-in-one lithium power system featuring 

an inverter and solar panels, designed for 

mobile applications like service vehicles 

and off-grid operations. 

https://www.claytonpo

wer.com/de/losungen/

automobilindustrie/wa

rtungsfahrzeuge/# 

SmartFlower+

PLus 

Smartflowe

r 

It provides a powerful, fully integrated 

battery system that delivers clean energy 

anytime, ideal for off-grid use, achieving 

up to 100% energy self-sufficiency, and 

offering reliable backup power during 

outages 

https://smartflower.co

m/products/?lang=de 

 

The researchers conducted a preliminary, subjective assessment of the holistic solution 

after the performance requirements had been defined. Although many providers claim 

to offer low-emission alternatives to diesel generators, none of the solutions presented 

in the table fully satisfied the comprehensive ERO functional and performance 

requirements. Most approaches addressed only specific aspects or individual 

components of an energy system, thereby underscoring a research and development 

gap in the provision of suitable mobile energy supply systems for EROs. 

 

For more detailed and scientifically rigorous investigation, these holistic systems and 

their corresponding suppliers were added to the supplier list and communicated to WP3, 

with the objective of inviting them to the OMC events to present their solutions.  They 

were also invited to participate in the self-evaluation Supplier Survey. The results of this 

process are presented in Chapter 5 and Annex 2. 
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5. SOTA-Analysis 

The present analysis has combined two distinct but complementary strands of evidence 

in order to provide a structured overview of the state of the art in sustainable, low-

emission, and compact energy supply technologies for emergency response operations. 

On the one hand, the supplier survey conducted in August 2025 gathered responses 

from companies regarding the compliance of their products with a condensed set of 

functional and performance requirements. On the other hand, technology fact sheets 

were prepared to map the broader spectrum of (possibly) relevant energy technologies 

at the level of technology classes rather than individual products (see Figure 7). 

The two approaches serve different functions. The survey provides a market -oriented 

picture, offering insights into which providers are present, how they perceive their own 

products in relation to operational needs and requirements, and where gaps may exist. 

However, because the survey was based on self-reporting, the responses remain 

heterogeneous and not yet validated. It is planned to validate these statements in 

following PCP project. 

The fact sheets, by contrast, offer a systematic comparison of technology classes along 

requirement clusters, providing ranges of performance metrics, typical advantages and 

limitations, and indicative assessments of maturity. They do not focus specific 

commercial solutions (display some only as examples for the spectrum), but they can 

contextualise the survey results by situating them within a broader technological 

landscape. Taken together, the two strands of evidence create a complementary basis 

for the preparation of a potential subsequent PCP process. 

 

5.1. Supplier Survey Analysis  

Disclaimer 

The following survey results, are part of the State-of-the-Art (SOTA) analysis, present 

information on selected products and providers currently available on the market. The 

information is based on survey responses as provided in the following chapters  (and in 

Chapter 2.5). 

Figure 7: SOTA Analysis Overview 
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The inclusion or omission of a company or product does not imply any form of 

endorsement, recommendation, or rejection by the project consortium. The list reflects 

only those products for which providers submitted responses to the survey. The survey 

was sent out to all companies that have been identified during the project phase 

(especially as part of the SOTA and the OMCs). The purpose of this analysis is solely to 

assess available solutions in relation to the performance and technical requirements 

identified in D2.3. Solutions may evolve over time, and providers not mentioned here 

may also offer relevant technologies. 

5.1.1. Results 

The table below provides an overview of the compliance with requirements and 

percentage for each product, based on 24 survey responses for the product by the 

respective companies (see Table 52). For a detailed overview of responses, see Table 

53).  

The outcomes are anonymised as this deliverable is a publicly available document. This 

approach ensures the protection of commercially sensitive information and avoids the 

unintended disclosure of company-specific performance data. While a non-anonymised 

version of the results is stored, as described in the data protection protocols, the 

anonymisation in the public deliverable safeguards supplier interests, prevents potential 

misinterpretation of individual results outside their technical context, and maintains a 

neutral position of the project consortium toward specific providers. The survey results 

are based on the 18 questions listed in Chapter 2.5, which were derived from the 

functional and performance requirements defined in Deliverable D2.2. 

Table 52: Overview Survey Results (absolute and rate) 

Product Total 
Requirements 

Covered Not 
Covered 

Not 
Applicable 

Coverage 
Rate 

Technology 1  18 18 0 0 100.0 

Technology 2  18 17 1 0 94.4 

Technology 3 18 17 1 0 94.4 

Technology 4  18 17 1 0 94.4 

Technology 5 18 17 1 0 94.4 

Technology 6 18 16 2 0 88.9 

Technology 7 18 16 1 1 88.9 

Technology 8 18 16 2 0 88.9 

Technology 9 18 15 2 1 83.3 

Technology 10 18 15 3 0 83.3 

Technology 11 18 15 2 1 83.3 

Technology 12 18 15 0 3 83.3 

Technology 13 18 14 3 1 77.8 

Technology 14 18 14 4 0 77.8 

Technology 15 18 14 2 2 77.8 

Technology 16 18 13 5 0 72.2 

Technology 17 18 13 4 0 72.2 

Technology 18 18 13 4 1 72.2 

Technology 19 18 13 5 0 72.2 

Technology 20 18 13 3 2 72.2 

Technology 21 18 12 5 1 66.7 

Technology 22 18 12 4 2 66.7 

Technology 23 18 12 5 1 66.7 

Technology 24 18 8 1 5 44.4 
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The survey responses indicated a heterogeneous degree of self-reported compliance with the 

clustered requirement set (see Table 53). Reported coverage rates ranged from 44% to 100%, 

reflecting substantial diversity in product maturity, specificity, and the way in which companies 

interpreted the survey questions. 

At the upper end of the distribution, Technology 1 reported full self-declared compliance with 

all 18 assessed requirements (100%). Several further entries, Technology 2, Technology 3, 

Technology 4, and Technology 5, reported compliance with 17 of 18 requirements (94.4%). 

These submissions, on a self-declared basis, suggest near-comprehensive coverage of the 

condensed requirement clusters. 

A second group of responses, including Technology 6, Technology 7, and Technology 8, 

reported compliance with 16 of 18 requirements (88.9%). These entries indicate broad but not 

complete coverage and highlight potential gaps that would require clarification in subsequent 

validation. 

The broader mid-range of reported compliance (72–83%, equivalent to 13–15 requirements 

covered) includes Technology 9, Technology 10, Technology 11, Technology 12, Technology 

13, Technology 14, Technology 15, Technology 16, Technology 17, Technology 18, Technology 

19, and Technology 20. These results point to partial but indicative alignment with the 

requirements, suggesting promising directions for further investigation but not yet 

comprehensive coverage. 

At the lower end of the distribution, Technology 21, Technology 22, and Technology 23 

reported compliance levels of 66.7% (12/18). The lowest reported coverage was observed for 

Technology 24, with 44.4% (8/18). Such results may reflect either narrower product design 

intent or incomplete mapping to the requirement framework rather than intrinsic unsuitability. 
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Table 53: Overview Survey Results (by questions) 

Technology Q114 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 

Technology 1  ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 2  ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 3  ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 4  ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 5  ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 6 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 7 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 8 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 9 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 10 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 11 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 12 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 13 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 14 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 15 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 16 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 17 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 18 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 19 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 20 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 21 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 22 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 23 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 
Technology 24 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● 

 

 

 

 
14 See Chapter 2.5 for the respective questions. 

Legend: 
● Compliant (requirement covered) 

● Partial/unclear or not applicable 

● Not compliant 
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Taken together, the survey illustrates that the market already provides a variety of solutions 

which, on a self-reported basis, appear to align with a substantial portion of the operational 

requirements. At the same time, the heterogeneity of the responses and the lack of independent 

validation underscore the need for further clarification rounds and technical assessment. In 

terms of a potential PCP, the survey thus functions as an exploratory market sounding: it 

identifies potential candidates and indicates levels of maturity, but it cannot yet serve as 

evidence of verified performance. 

The responses of the 24 suppliers were further examined to identify which functional 

requirements were least frequently reported as fulfilled. The requirements most often indicated 

as unmet (reported as “not fulfilled” by more than ten suppliers) were: 

• Energy conversion system supports commercially available fuel 

• Product is suitable for deployment on commercial aircraft 

• Product combines energy generation, conversion, and storage 

In a subsequent PCP project, the development of products will therefore need to focus in 

particular on advancing solutions towards the combination of energy generation and storage, 

transportability by commercial aircraft, and support for commercially available fuels. 

In contrast, several requirements were reported as fulfilled by all suppliers, including: 

• System is designed for easy transport 

• System is designed for rapid deployment 

• System can maintain full functionality under harsh environmental conditions (e.g., heat, 

humidity, dust) 

• System is designed for low-maintenance operation and easy servicing in the field 

• System ensures the safety of personnel, equipment, and the environment during all 

phases of use (deployment, transport, installation, operation, maintenance) 

• System is designed to operate with minimal noise emissions (e.g., dB(A)) 

However, these positive responses should be interpreted with caution. For example, although 

many suppliers stated that their systems are designed for rapid deployment, a number of these 

solutions cannot be transported on commercial aircraft. This indicates that some requirements 

may be met only under certain conditions or with important limitations, and that “rapid 

deployment” does not necessarily imply full compliance with all associated logistical 

constraints. 

5.1.2. Interpretation of Results 

Several responses were not product-specific in a strict sense. For example, Technology 5 

referred to “more than one product” in a single entry; Technology 21 described “several 

products based on hydrogen technologies;” and Technology 13 outlined a future concept rather 

than a commercial product. Such submissions reduce comparability with the survey’s intent, 

which was to identify single, deliverable products that independently cover the requirement set 

without relying on unspecified combinations. 

Because the ranking is derived from self-reported inputs, some tightly product-bound, others 

more capability- or concept-oriented, thus again the percentages should be interpreted as 

indicative signals rather than validated performance evidence guiding a potential PCP project. 

This is particularly relevant at both ends of the distribution: very high values (e.g. 100% for 

Technology 1) reflect complete self-declared conformity, while lower values (e.g. 44.4% for 

Technology 24) may reflect narrower design intent or incomplete mapping against the 

requirement framework. These outcomes do not necessarily imply intrinsic suitability or 
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unsuitability, but rather differences in how products and concepts were positioned against the 

clustered requirement set. 

5.1.3. Methodological Limitations & Conclusion 

The survey yielded a heterogeneous dataset covering a broad range of technologies, from 

photovoltaic systems and small hydro turbines to lithium-ion batteries, hydrogen storage, fuel 

cells, micro gas turbines, and biomass-based solutions. The responses were systematically 

captured in tabular form, and the aggregated values (covered, not covered, and not applicable 

requirements) provide a first indication of the potential alignment between the surveyed 

technologies and the defined technical and functional requirements. 

Several methodological limitations must be highlighted in order to appropriately interpret the 

results: 

1. Product-specificity: In several cases, respondents did not name a single, identifiable 

product but instead described broader capabilities, sometimes referring to families of 

products or concepts. This reduces comparability with the intended survey design. 

2. Requirement weighting: All requirements are relevant in principle, but their operational 

significance is not uniform. Certain criteria (e.g. modularity, safety, rapid deployability) 

are of central importance and should be prioritised in future evaluations. Establishing 

a preference matrix that distinguishes between core and secondary requirements is 

therefore recommended. 

3. Validation of responses: Because the survey relied on written self-reporting, the validity 

of the information submitted cannot be guaranteed. More robust insights will require 

direct dialogue with providers, including structured interviews with technical experts 

and end-users, in order to verify claims and ensure a realistic mapping to operational 

conditions. 

4. System-level perspective: Many suppliers framed their contributions primarily in terms 

of individual components or subsystems (e.g., storage or, generation technologies) 

rather than fully integrated energy solutions. As a result, performance data often reflect 

the characteristics of isolated technologies rather than their behaviour within a holistic, 

deployable energy system, also making it harder to compare the outcomes. 

5. Level of detail and quantification: Several survey questions were formulated in a binary 

(yes/no) manner and did not systematically request quantitative values for key 

performance indicators (KPIs). Consequently, the responses often lacked precision on 

critical parameters such as storage capacity, fuel consumption, noise levels, and 

performance under operational condition. 

Taken together, these limitations mean that the survey provides indicative insights rather than 

validated evidence of suitability. The absence of consistently product-specific data, combined 

with the lack of requirement prioritisation, prevents a definitive ranking or selection. 

Nevertheless, the survey has proven valuable as an exploratory step: it has offered an overview 

of the provider landscape, identified gaps in the evidence base, and generated 

recommendations for designing future assessments in a more robust and targeted manner. 
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5.2. Technology Fact Sheet Analysis 

The technology fact sheets provide a complementary perspective to the supplier survey 

by analysing technologies at the level of broader classes rather than individual products. 

Each fact sheet assessed typical performance parameters, operational constraints, 

maturity levels, and alignment with the clustered requirements. This approach does not 

depend on self-reported data but instead synthesises available evidence from technical 

literature, datasheets, and market reports. It therefore offers a structured overview of 

the technological landscape, identifies trade-offs inherent to each option, and clarifies 

which categories are more or less suited to portable, low-emission energy supply for 

emergency response operations. 

5.2.1. Commercial Off-the-Shelf (COTS) Technologies 

Several COTS technologies already demonstrate a high degree of maturity and are available in 

modular, deployable formats. These are most relevant for a potential PCP process. 

• Lithium-ion batteries: Widely available in portable and containerised systems; high 

energy density and modular scalability. Limitations concern critical raw materials, 

recycling, and restrictions on air transport. Overall, they are strong candidates for 

inclusion as storage solution. 

• Hydrogen PEM fuel cells (portable units): Silent, emission-free operation makes them 

attractive for sensitive deployments (urban, medical). Their main constraint is hydrogen 

logistics, including storage and refuelling infrastructure. 

• Photovoltaics (crystalline and thin-film): Lightweight, noise-free, and rapidly 

deployable; thin-film modules in particular allow flexible expeditionary use. Limitations 

include surface area requirements and intermittent supply, which necessitate storage 

integration. 

• Hybrid battery–genset systems: Already commercialised for expeditionary and off-grid 

contexts. They reduce runtime and emissions of conventional generators by covering 

most loads through batteries. However, peak demand still triggers noise and exhaust 

emissions. 

Other COTS options have more conditional relevance: 

• Small wind turbines and small hydro generators can contribute renewable generation 

in specific site conditions but are highly location-dependent. 

• Micro gas turbines are robust and multi-fuel capable, but lower in efficiency than other 

technologies; are higher in noise, and exhaust complexity restrict their deployment. 

• Biomass and waste-to-energy systems provide circular-economy benefits but depend 

on feedstock availability, preprocessing, and trained operators. They are better suited 

to long-duration stationary bases than rapid deployment. 

• Flow batteries are durable and safe but bulky and therefore less suited for portable 

use. 

• Methanol-based energy systems (DMFC/APUs) are quiet and easy to handle but 

currently limited to low power ranges, making them appropriate for niche applications 

such as communications equipment rather than whole base loads. 

Taken together, the COTS category suggests a prioritisation for a potential PCP preparation: 

core candidates include lithium-ion batteries, portable PEM fuel cells, photovoltaic modules, 

and hybrid battery–genset systems; site-dependent or niche options include small wind, 

hydro, micro turbines, biomass, flow batteries, and methanol systems. 
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5.2.2. Emerging Highly Promising Technologies (EHPETs) 

This category includes technologies with strong potential advantages but insufficient maturity 

for near-term procurement. 

• Sodium-ion batteries: Safer and cheaper than lithium-ion, with promising 

sustainability characteristics; however, they currently offer lower energy density and 

limited COTS availability. 

• Solid-state batteries: Potential for high energy density and intrinsic safety; currently 

in pilot or pre-commercial stages with unresolved cost and scalability challenges. 

• Metal hydride hydrogen storage: Provides safe handling advantages compared to 

compressed hydrogen, but systems are heavy, expensive, and limited in discharge 

performance. 

• Wave energy converters: Relevant in maritime or coastal contexts but site-bound and 

unsuitable for rapid deployment scenarios. 

These technologies should be monitored and potentially piloted but cannot be considered as 

baseline for potential PCP solutions at this stage. 

5.2.3. Emerging Moderately Promising Technologies (EMHPETs) 

These technologies offer high theoretical performance but face unresolved technical barriers 

that limit their current applicability. 

• Perovskite and tandem photovoltaics: High efficiency and lightweight; constrained by 

stability and encapsulation issues. 

• Lithium-sulfur and metal-air batteries: Extremely high theoretical energy densities, 

but low cycle life and high sensitivity to environmental conditions. 

• Airborne wind and solid-state wind systems: Innovative but unproven in terms of 

robustness, control, and field safety. 

• Hydrogen-fuelled internal combustion engines: Offer a retrofit pathway using familiar 

mechanical systems, but efficiency, NOx emissions, and noise limit their relevance for 

sensitive deployments. 

• Methanol conversion systems: Beyond current small-scale direct methanol fuel cells, 

methanol as a broader energy carrier remains constrained by conversion efficiencies 

and scaling challenges. 

These technologies may become relevant in future PCP iterations or targeted innovation 

pilots but are not suitable for immediate procurement. 

5.2.4. Emerging Lowly Promising Technologies (ELPETs) 

Technologies in this category are either structurally misaligned with rapid deployment 

requirements or too immature to be considered beyond horizon scanning. 

• Supercapacitors, flywheels, and compressed air energy storage: Valuable for buffering 

and stationary applications, but bulk and low energy density make them unsuitable for 

portable emergency use. 

• E-fuels, ammonia, and LOHCs: Long-term potential as fuels, but synthesis, logistics, 

and safety challenges preclude near-term PCP applicability. 

• Carnot batteries, tidal energy systems, and nuclear micro-reactors: Either stationary, 

site-bound, or politically/regulatorily sensitive, and therefore unsuited for rapid 

deployment. 

• Pedal-powered generators: Limited to micro-loads, not relevant for core operational 

requirements. 
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These technologies should be deprioritised for potential PCP preparation, though some may 

warrant long-term observation. 

5.2.5. Commercial Off-the-Shelf (COTS) Summary 

The fact sheets underline a tiered pattern of relevance. COTS technologies provide the 

strongest near-term candidates for potential PCP preparation, with lithium-ion, PEM 

fuel cells, photovoltaics, and hybrid gensets forming the likely core portfolio. EHPETs 

such as sodium-ion and solid-state batteries merit close monitoring, but their 

immaturity excludes them from immediate deployment. EMHPETs are promising on 

paper but remain confined to research and pilot projects, while ELPETs are largely 

misaligned with the operational profile of emergency response energy supply. This 

differentiation ensures that potential PCP efforts can focus resources on technologies 

most likely to deliver operational impact, while maintaining innovation pathways for the 

future. 

5.3. Comparison and Added Value 

The comparison of supplier survey results and the technology fact sheets highlights the value 

of combining bottom-up and top-down perspectives. Each strand of evidence provides insights 

that the other cannot deliver, and their integration allows for a more balanced understanding 

of the current state of the art. 

The supplier survey offered a bottom-up snapshot of the market. It illustrated which providers 

are actively engaging with the identified requirements, how they position their products against 

operational needs, and to what degree they claim compliance. This makes it possible to identify 

a spectrum of self-declared readiness levels and to understand which requirement areas 

providers find easier or harder to address. At the same time, the survey results are 

heterogeneous, not independently validated, and in some cases refer to families of products or 

conceptual designs rather than deliverable systems. 

The technology fact sheets, by contrast, provided a top-down analysis of entire technology 

classes. They allowed structural characteristics, trade-offs, and maturity levels to be mapped 

independently of individual supplier claims. For example, the fact sheets made clear why 

lithium-ion batteries and PEM fuel cells appear consistently in survey results with high 

compliance: both are mature COTS technologies that are already widely deployed. Conversely, 

they also explain why certain low compliance scores may not reflect unsuitability, but rather 

the immaturity or structural constraints of the underlying technology (e.g. flow batteries, 

biomass systems, or hydrogen storage concepts). 

Taken together, the two strands are complementary. The survey identifies concrete suppliers 

and their self-reported coverage of requirements, while the fact sheets contextualise these 

claims by clarifying whether the underlying technology is structurally mature, emerging, or 

misaligned with rapid deployment needs. This combination prevents over-reliance on self-

reported compliance, situates supplier claims within broader technological trajectories, and 

ensures that the PCP process can build on both market soundings and systematic technology 

analysis. 

In this way, the integration of survey and fact sheet findings provides added value: it avoids 

premature endorsement of individual solutions, ensures that technology categories are 

evaluated on their structural merits, and prepares a robust basis for subsequent (potential 

PCP) steps that combine supplier engagement with targeted technical validation. 
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5.4. Implications for subsequent PCP steps 

The combined evidence from the survey and the technology fact sheets provides an initial 

orientation for how a future PCP could be structured. Although neither dataset alone can serve 

as a definitive basis for selection, together they allow for a reasoned differentiation between 

technologies that appear more immediately suitable, those that may serve in complementary 

or niche roles, and those that should be monitored as part of longer-term innovation pathways. 

COTS technologies emerge as the most promising candidates for near-term PCP activities. 

Lithium-ion batteries, portable PEM fuel cells, photovoltaic modules, and hybrid battery–genset 

systems demonstrate high maturity, modularity, and operational relevance. They also featured 

prominently in the survey results, where providers claimed broad compliance with the 

condensed requirement set. While each carries specific constraints, ranging from raw material 

supply to hydrogen logistics, these are manageable within a PCP framework. As such, these 

technologies can be considered strong candidates for early PCP lots or modules. 

Context-specific and niche technologies, such as small wind and hydro, micro gas turbines, 

methanol systems, biomass and waste-to-energy, and flow batteries, show partial alignment 

with requirements. They may offer advantages in certain mission profiles (e.g. wind or hydro 

in favourable geographies, biomass for long-duration stationary bases, methanol for small-

scale loads). However, their structural limitations mean that they are unlikely to serve as core 

PCP solutions without targeted adaptation. Their role is more likely to be complementary, 

providing redundancy or addressing specialised use cases. 

Emerging technologies (EHPETs and EMHPETs), including sodium-ion, solid-state, lithium-

sulphur, and perovskite photovoltaics, are not yet ready for inclusion in a near-term PCP. Their 

immaturity, unresolved technical barriers, or lack of COTS availability currently preclude 

operational deployment. Nonetheless, these technologies should remain on the innovation 

radar, either as part of PCP “innovation lots” or through dedicated R&D partnerships. 

Low-priority technologies (ELPETs), such as supercapacitors, flywheels, CAES, LOHCs, 

ammonia, tidal systems, and nuclear micro-reactors, are structurally misaligned with rapid, 

portable deployment. Their role is limited to horizon scanning and long-term monitoring. 

To consolidate this the comparison a tiering approach is provided as a pragmatic framework 

for designing the potential subsequent PCP phases. It allows the consortium to prioritise 

solutions most likely to deliver operational impact while maintaining awareness of promising 

innovations that could be integrated in future iterations. 

5.4.1. Methodology of Tier Assignment 

The tiering of technologies and products presented in this deliverable is based on a 

combined assessment of survey results and technology fact sheets. The approach 

follows three steps: 

1. Evidence base: Fact sheets provided secondary data on technical performance, 

maturity, and operational aspects of 33 technologies. The supplier survey 

added self-reported compliance data for 24 market products. Both strands 

carry methodological limitations: survey responses reflect heterogeneous, self-

declared inputs, while fact sheets rely on literature and often report 

performance ranges rather than definitive values. 

2. Benchmarking against requirements: Technologies and products were 

qualitatively matched against the core functional and technical requirements 

identified in Deliverable 2.3 (e.g. transportability, modularity, scalability, 

safety, noise thresholds). Although a formal weighting of requirements will be 
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conducted in subsequent PCP steps, this analysis emphasised criteria of 

central operational importance. 

3. Indicative tiering: Based on this comparison, technologies were grouped into 

four indicative tiers: 

 

o Tier 1: Commercially available (COTS) technologies or products that 

align well with the majority of requirements (e.g. lithium-ion batteries, 

PEM fuel cells, photovoltaic modules, hybrid battery–genset systems). 

o Tier 2: Solutions with conditional or niche suitability (e.g. small hydro, 

small wind, micro gas turbines, flow batteries). 

o Tier 3: Emerging promising technologies with high potential but current 

immaturity (e.g. sodium-ion, solid-state and lithium-sulphur batteries, 

perovskite photovoltaics). 

o Tier 4: Horizon technologies or products that are structurally misaligned 

with rapid-deployment needs (e.g. supercapacitors, compressed air 

storage, LOHCs, nuclear micro-reactors, and certain niche survey 

products such as very low-power DMFCs). 

This classification should be read as indicative signals rather than validated evidence 

(a detailed list is provided in Annex 2). Its purpose is to support strategic orientation 

for PCP preparation by highlighting short-term candidates, context-specific options, and 

long-term innovation pipelines. Definitive validation will require subsequent PCP 

measures, including requirement weighting, clarification rounds with suppliers, and 

structured end-user testing. 

5.4.2. Validation Needs and Next Steps 

The differentiation of technologies into four tiers highlights not only which options are more 

immediately suitable for a potential PCP, but also where further validation is essential. At this 

stage, both the survey and the fact sheets provide indicative rather than validated evidence, 

and follow-up measures are required to establish a robust foundation for procurement. 

For Tier 1 (core COTS candidates), the priority is to verify self-reported compliance claims and 

to ensure product specificity. Survey entries occasionally referred to product families or 

conceptual descriptions rather than single, deliverable systems. Clarification rounds with 

providers are therefore needed to identify concrete product models, confirm compliance with 

minimum thresholds (e.g. continuous power, noise, safety), and obtain up-to-date datasheets 

and certifications. End-user testing in controlled conditions, such as mock deployments will be 

necessary to validate operational usability. 

For Tier 2 (context-specific or niche solutions), the emphasis should be on boundary testing 

and operational fit. Technologies such as micro gas turbines, biomass-based systems, or flow 

batteries may offer advantages in certain contexts but carry significant trade-offs. Validation 

should therefore explore under which conditions they become feasible, which requirements 

they fail to meet, and whether these gaps can realistically be addressed within a PCP 

framework. 

For Tier 3 (emerging technologies), the next step is not immediate validation for procurement, 

but structured monitoring. Pilot projects, R&D collaborations, or inclusion in innovation lots 

could provide opportunities to track progress and generate early operational insights. 

Technologies such as sodium-ion, solid-state, or perovskite PV may become viable within the 

timeframe of a PCP, but only if their performance and availability improve substantially. 

For Tier 4 (low-priority technologies), validation efforts should remain minimal. These options 

are primarily relevant for horizon scanning, and resources are better directed towards Tiers 1–

3. Monitoring should remain limited to periodic technology assessments and literature reviews. 
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Across all tiers, three validation needs are consistent: 

1. Product specificity – ensuring that candidate solutions are concrete and independently 

deployable. 

2. Requirement weighting – introducing a preference matrix that distinguishes between 

core and secondary requirements, with “hard gates” for mandatory criteria. 

3. Operational verification – involving end-users and technical experts in structured 

validation activities to ensure that solutions are realistically deployable under field 

conditions. 

By following this tiered validation pathway, the consortium can move from a broad survey-

based overview towards a refined set of technology options, ensuring that the subsequent PCP 

is based on robust, verified, and operationally relevant evidence. 
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6. Conclusion and Outlook 

The combined evidence from the supplier survey and the technology fact sheets provides a 

structured and multi-layered picture of the current state of the art in sustainable, portable 

energy supply for emergency response. A total of 33 technologies were analysed in detail, 

complemented by the identification of 20 integrated system solutions. These 33 individual 

technologies were categorised into four sub-types: 

• 12 Commercial Off-the-Shelf (COTS) technologies, analysed through full fact sheets; 

• 4 Emerging Highly Promising Technologies (EHPETs), also analysed through full fact 

sheets; 

• 7 Emerging Moderately Promising Technologies (EMPETs), documented as concise 

mini-fact sheets; and 

• 10 Emerging Lowly Promising Technologies (ELPETs), also summarised in mini-fact 

sheets. 

This layered approach ensures that both currently deployable products and future-oriented 

technologies are covered in a consistent framework. 

While each strand has methodological limitations – the survey especially due to its self-

reported and heterogeneous inputs, and the fact sheets due to reliance on secondary data and 

performance ranges – their integration offers a robust starting point for a potential PCP 

preparation. 

Four main insights can be drawn: 

First, the market already offers a set of mature, commercial solutions (Tier 1) that align well 

with the requirements. Survey results confirm that lithium-ion batteries, portable PEM fuel 

cells, photovoltaic modules, and hybrid battery–genset systems are among the most promising 

technologies. They combine maturity, modularity, and partial validation through supplier 

responses. These are likely to form the backbone of an initial PCP portfolio. Nevertheless, most 

technologies and products address only one or two pillars (e.g. generation and conversion, or 

solely storage). Given that emergency response organisations are looking for integrated, 

holistic systems with certain properties (see D2.3), this structural gap must be considered and 

addressed in the next steps. 

Second, while some holistic system solutions are already available on the market, they 

predominantly fall into two extremes: large container- or trailer-based systems that can exceed 

the required energy demand but are too heavy and bulky for rapid deployment (particularly via 

conventional aircraft), and small, highly portable devices that offer excellent mobility but 

provide only minimal capacity, insufficient to meet the electricity demand of emergency 

response organizations’ bases of operations (BoO) and energy stations (ESs).  

Third, several technologies demonstrate conditional or niche suitability (Tier 2). Small wind 

and hydro, micro gas turbines, biomass systems, flow batteries, and methanol-based solutions 

all exhibit advantages under specific conditions but are constrained by structural or operational 

limitations. These options may serve as complementary modules or redundancy measures 

rather than core PCP solutions. 

Fourth, emerging technologies (Tiers 3 and 4) show high potential but remain either immature 

or structurally misaligned with the rapid deployment needs of emergency response. Sodium-

ion, solid-state, lithium-sulfur, and perovskite photovoltaics warrant close monitoring and may 

be integrated through pilot activities or innovation lots. Others, such as supercapacitors, 

compressed air storage, ammonia, LOHCs, tidal energy, or nuclear micro-reactors, are better 

suited for horizon scanning at this stage. 
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Taken together, the evidence points towards a tiered strategy: prioritise COTS solutions as 

near-term candidates; selectively explore context-specific technologies; and monitor emerging 
options for future assessment iterations. Crucially, these insights must be complemented by 

further validation measures, including requirement weighting, clarification rounds with 

providers, and structured end-user testing. 

The outlook for a potential PCP is therefore both pragmatic and forward-looking. Pragmatic, 

because the survey and fact sheets confirm that several technologies are already available and 

potentially deployable in modular ways. Forward-looking, because emerging technologies, 

though not yet ready, could shift the balance of feasibility in future procurement cycles. By 

keeping both dimensions in focus, the PCP process can deliver immediate operational impact 

while at the same time maintaining an innovation pipeline for the medium and long term. 
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Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 111

Emerging lowly 

promising technology



Small modular (nuclear) reactors
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Small modular (nuclear) reactors
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Tidal Energy Generators
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Search

© Fraunhofer

Search Query: SPUB=(TAC=("Tid* energ* converter*") 

OR (IC8=(F03B13/26) 

AND TAC=("tidal" AND "energ*" AND "convert*")) 

AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 223

Emerging lowly 

promising technology



Tidal Energy Generators
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Tidal Energy Generators
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Pedal-powered Generators
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Search

© Fraunhofer

Search Query: SPUB=(TAC=(("pedal-powered generator*" OR "pedal generator" OR "bicycle generator*" OR "bike-

power* electricity" OR "human-power* generator*" OR ("pedal power*" AND "system")) NOT "electric 

bicycle") 

AND IC8=(H02) AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 50

Emerging lowly 

promising technology



Pedal-powered Generators
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Pedal-powered Generators
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Liquid organic hydrogen carriers
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Search

© Fraunhofer

Search Query: SPUB=(TAC=(("liquid organic hydrogen carr*") OR (("methylcyclohexane" OR "toluene" OR 

"dibenzyltoluene" OR "perhydro-dibenzyltoluene" OR "H18-DBT") AND ("hydrogen carr*" OR "hydrogen 

stor*" OR "hydrogen transp*" OR "reversible hydrogenation*") )) AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 239

Emerging lowly 

promising technology



Liquid organic hydrogen carriers
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Liquid organic hydrogen carriers
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



E-Fuels
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Search

© Fraunhofer

Search Query: SPUB=(TAC=("electrofuel*" OR ("synthetic fuel" AND "renewable energ*") OR "power-to-liquid" OR 

"power-to-gas" OR "carbon-neutral fuel*" ) OR (TAC=("e-fuel" OR "e-methane" OR "e-methanol" OR "e-

diesel") 

AND CPC=(Y02)) AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 355

Emerging lowly 

promising technology



E-Fuels
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World actors

© Fraunhofer

Emerging lowly 

promising technology



E-Fuels
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



E-Ammonia
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Search

© Fraunhofer

Search Query: SPUB=((TAC=(("green ammonia" OR "electro-ammonia" OR "synthetic ammonia")) 

OR CPC=(C01C1/04) OR IC8=(C01C1/04)) AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 2824

Emerging lowly 

promising technology



E-Ammonia
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World actors

© Fraunhofer

Emerging lowly 

promising technology



E-Ammonia
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Compressed Air Energy Storage (CAES)
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Search

© Fraunhofer

Search Query: SPUB=((TAC=(CAES) AND CPC=(Y02E60/16)) OR TAC=(("compressed air energy storage" AND ("system" 

OR "renewable energ*")) OR "Supercritical CAES" OR "Underwater CAES" OR "Liquid Air Energy Storage") 

AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 2034

Emerging lowly 

promising technology



Compressed Air Energy Storage (CAES)
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Compressed Air Energy Storage (CAES)
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Supercapacitors
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Search

© Fraunhofer

Search Query: SPUB=(TAC=("supercapacitor*" OR "ultracapacitor*" OR "electrochemical capacitor*") 

AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 11391

Emerging lowly 

promising technology



Supercapacitors
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Supercapacitors
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Carnot Batteries
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Search

© Fraunhofer

Search Query: SPUB=(TAC=("Carnot batter*" OR "thermal energy storage batter*" OR "Thermal energy batter*") AND 

ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 102

Emerging lowly 

promising technology



Carnot Batteries
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Carnot Batteries
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Flywheel (mechanical energy storage)
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Search

© Fraunhofer

Search Query: SPUB=((TAC=("Flywheel Energy Storage") 

OR (TAC="flywheel" AND CPC=(Y02E60/16))) 

AND ALIVE=(YES))

Used abbreviations in the search query: SPUB = Same Publication, a patent document must meet all criteria of the search query; TAC = Search in Title, Abstract, Claim; IC8 = IPC 
Class; CPC = CPC Class; ALIVE = Patent is active.

Patentfamilies: 3055

Emerging lowly 

promising technology



Flywheel (mechanical energy storage)
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World actors

© Fraunhofer

Emerging lowly 

promising technology



Flywheel (mechanical energy storage)
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Europe actors

© Fraunhofer

Emerging lowly 

promising technology



Annex 2 – Technology and Survey Product Tiering  

Disclaimer 
The following tables provide an indicative mapping of technologies (fact sheets) and 
products (survey responses) into four tiers. This mapping is based on a qualitative 
assessment of reported or documented compliance with the functional and technical 
requirements defined in Deliverable 2.3. 
The classification does not represent an endorsement or rejection of any technology or 
provider. It serves solely to document the analytical process conducted in the SOTA phase. 
Final validation will be carried out in subsequent PCP steps (requirement weighting, 
clarification rounds, structured end-user testing). 

Table 1: Technology Clusters (Fact Sheets, n = 33) 

Tier 1 – Core COTS 
candidates 

Tier 2 – Niche / 
Contextual 

Tier 3 – Emerging 
Promising 

Tier 4 – Horizon 
Scanning 

Crystalline Silicon PV Small Hydro Sodium-Ion Batteries 
Wave Energy 
Converters 

Thin-Film PV Small Wind Solid-State Batteries Solid-State Wind 

Lithium-Ion Batteries Flow Batteries Metal Hydrides (H2) Airborne Wind 

Hydrogen Fuel Cells (PEM) Micro Gas Turbines 
Perovskite & 
Tandem Solar Cells 

Compressed Air 
Energy Storage 

Electrolyzers (H2) 
Biomass & Waste-to-
Energy 

Lithium-Sulphur 
Batteries 

Supercapacitors 

Methanol-Based Energy 
Systems 

 Metal-Air Batteries Carnot Batteries 

  
Hydrogen-Fueled 
ICEs 

Flywheel Energy 
Storage 

   LOHCs 

   Ammonia 

   Tidal Energy 

   
Small Modular 
Reactors 

   
Pedal-Powered 
Generators 

   E-Fuels 

 

  



Table 2: Survey Products (Anonymised, n = 24) 

Tier 1 – Core COTS 
candidates 

Tier 2 – Niche / 
Contextual 

Tier 3 – Emerging 
Promising 

Tier 4 – Horizon 
Scanning 

Technology 1 Technology 5  Technology 13  Technology 23  

Technology 2 Technology 9  Technology 14  Technology 24  

Technology 3  Technology 10  Technology 21   

Technology 4  Technology 11    

Technology 6  Technology 12    

Technology 7  Technology 15    

Technology 8  Technology 16    

Technology 17  Technology 19    

Technology 18  Technology 22    

Technology 20     
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