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1. Introduction

The strategic portfolio plan for Working Programme 2023: In-Space Solar Energy Harvesting
describes the common research and innovation (R&l) objectives, activities, and governance
carried out from 2025 onwards. It serves as a shared basis for the portfolio and was developed
jointly by the consortia and the European Innovation Council’s (EIC) Programme Manager (PM)
for Space Systems & Technologies Stella Tkatchova, as shown in Tables 1 and 2. The plan will
be assessed internally on an annual basis, with its implementation reported through the
publication of annual Portfolio Activity Reports.

The In-Space Solar Energy Harvesting (ISSEH) portfolio focuses on the collection, conversion,
and transmission of solar energy among spacecraft, power grids, or retransmission stations in
space. It comprises nine projects, each with a duration of 3 to 4 years and a total budget of €29
million.

The selected projects have already identified synergies to achieve the portfolio’s objectives:
advancing in-space solar energy harvesting technologies for:

e Collection (e.g., perovskite cells, novel antenna designs, rectennas, solar
concentrators);

e Solar energy conversion;

e Wireless power transmission (e.g., laser, microwave); and

e In-space green propulsion (e.g., solar electric propulsion, electrodynamic tethers).

Key Objectives:

1. Advance in-space solar energy and propulsion technologies.

2. Assess existing gaps in technologies for the collection, conversion, and transmission of
in-space solar energy.

3. Identify innovative space applications leveraging in-space solar energy and propulsion.

4. Develop a bottom-up roadmap-based on project synergies-to achieve specific
technology-enabling outcomes.

The projects propose innovative concepts that address:
o End-to-end (E2E) energy efficiency in conversion or transmission;
o Interoperability and high-efficiency conversion; and
e Spacecraft lightweighting.
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1.1 Portfolio composition

The EIC ISSEH Portfolio consists of the following nine projects:

Project
Name

Green SWAP

JUMP INTO
SPACE

REMPOWER

Description

Green SWaP aims to validate solar-driven technologies that convert water into
greener propellants, hydrogen peroxide (H,O.) and hydrogen (H;), directly in
orbit. By simplifying launch operations and enabling an autonomous, circular
water-to-propellant cycle (ultimately coupling with future in-orbit water extraction),
Green SWaP would supply sustainable, on-demand in-space propulsion for
Orbital Transfer Vehicles to perform in-orbit services such as last-mile delivery,
tugging, refuelling and active debris removal.

JUMP INTO SPACE project aims to create high-efficiency, lightweight, flexible
solar cells using advanced all-perovskite tandem solar cells. These new solar cells
will help achieve 30% efficiency and exceed current technological limits.

The REMPOWER will develop a 100 GHz modular, flexible and lightweight
rectenna for high-power energy reception in millimeter-wave frequency range.

E.T. COMPACT will develop Bare Photovoltaic Tether (BPT) demonstrator with
power harvesting and propellant-less propulsion capabilities and a tandem

E.T. Compact PVK/CIGS 2 terminal thin film solar cells standalone device, with over 15%

APACE

S412T

POWERSAT

efficiency and a power-to-weight ratio exceeding 50 W/kg, aimed at reducing solar
panel costs.

APACE will demonstrate a novel type of bio-inspired sunlight pumped laser,
based on photosynthetic complexes capable of upgrading diffuse natural sunlight
into a coherent laser beam.

The S412T project will develop a cost-effective and environmentally friendly solar
electric water propulsion system. It aims to use water as a propellant to enable
autonomous spacecraft docking and propellant refilling for facilitating in-orbit
servicing, robotics, and in-space manufacturing. The project explores in-space
water extraction and utilization from celestial bodies based on solar energy
harvesting.

POWERSAT project aims to develop a platform that captures energy from the
infrared (IR) spectrum and converts microwave spillover from satellite antennas
into a direct current (DC) power supply. This energy will power low-power
embedded electronics within satellites and enable efficient intersatellite
communication links.

ZEUS will advance the development of innovative, highly efficient, light weight and
radiation-resistant nanowire solar cells designed for in-orbit solar energy
collection. While current space-tested nanowire solar cells offer around 15%
efficiency using single-band gap cells, ZEUS aims to significantly enhance this


https://cordis.europa.eu/project/id/101162377
https://cordis.europa.eu/project/id/101162377
https://cordis.europa.eu/project/id/101162377
https://cordis.europa.eu/project/id/101161754
https://cordis.europa.eu/project/id/101161603
https://cordis.europa.eu/project/id/101161312
https://cordis.europa.eu/project/id/101161690
https://cordis.europa.eu/project/id/101162320
https://cordis.europa.eu/project/id/101161465
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efficiency, potentially reaching up to 47%, by employing triple junction nanowire
cells.

RePowerSiC will establish a new highly efficient cost-effective high-power laser

RePowerSIC transmission (HPLT) technology for space applications.

1.2 Vision and objectives to In Space Solar Energy Harvesting
(ISSEH)

Current space solar energy harvesting capabilities face several technological constraints.
Conventional satellite power systems rely on fixed photovoltaic panels that degrade over time
and provide inconsistent energy output due to orbital variations and eclipse periods. These
systems lack the scalability required for future power-intensive space operations.

In the field of solar energy collection, significant advancements have been made in developing
high-efficiency photovoltaic cells, including perovskite-based, thin-flm, and nanowire
technologies. However, large deployable structures-necessary for extensive energy harvesting
in space-face challenges related to material durability, radiation resistance, and mechanical
reliability in the harsh space environment. The operational resilience and radiation tolerance of
perovskite solar cells (PSCs) have been investigated through both simulation and experimental
studies (McMillon-Brown et al., 2022). For instance, PSC prototypes exposed to the low Earth
orbit (LEO) environment aboard the International Space Station (ISS) for a 10-month period
exhibited superior photo-stability and no irreversible radiation damage upon post-flight
evaluation (Delmas et al., 2023). Studies on proton irradiation-a major degradation factor in LEO-
indicate that high-energy protons typically pass through the thin perovskite absorber layer with
minimal energy transfer, resulting in negligible damage. More critically, the material exhibits an
intrinsic self-healing mechanism: localised heat from operation or orbital factors can restore
displaced atoms to their correct lattice positions, effectively reversing radiation-induced
efficiency loss.

Energy conversion and storage technologies have progressed through improved power
management systems and battery technologies, though current solutions remain heavy, thereby
limiting payload capabilities. Converting harvested energy into forms suitable for long-distance
transmission presents a significant challenge, requiring innovative approaches. Wireless power
transmission-through both microwave and laser-based systems-has been demonstrated in
laboratory settings but faces substantial challenges in beam accuracy, energy efficiency, and
thermal management for space applications. Research organisations such as Japan Aerospace
Exploration Agency (JAXA) and National Aeronautics and Space Administration (NASA) have
conducted preliminary experiments in laser transmission, achieving accuracies approaching 1
prad. However, full implementation at operational power levels has yet to be demonstrated.

Green propulsion solutions for in-space mobility are still in the early stages of development.
Technologies such as water-based electrolysis systems, solar-thermal propulsion, and
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propellant-less solutions-including electrodynamic tethers-show promise. These innovations
offer potential advantages in sustainability and specific impulse compared to conventional
chemical propulsion but require significant maturation to achieve commercial viability.

The integration of these technologies into cohesive systems for in-space energy harvesting and
utilisation remains a significant challenge. Current demonstrations are limited to small-scale,
single-technology experiments rather than complete end-to-end systems. Such integrated
systems would enable practical applications, including satellite servicing, debris removal, and
lunar ISRU operations.

Vision
In-space solar energy harvesting will revolutionise the way we conduct space exploration. The
growing need for clean, renewable in-space energy and green in-space propulsion will drive

breakthrough innovations in approaches, methods, and technologies. These advancements will
enhance E2E efficiency in the collection, conversion, and WPT of in-space solar energy.

Mission Objectives

This challenge focuses on the collection, conversion, and transmission of solar energy in space-
among spacecraft, power grids, or retransmission stations. The portfolio will:

e Conduct a state-of-the-art analysis of existing technologies.

o Identify gaps and opportunities for R&l.

e Address the need for additional in-space power for satellites and innovative green
propulsion solutions (e.g., powering satellites or space tugs), with the potential to
generate fuel cost savings.

As a result, the primary objectives are:

1. Advance in-space solar energy and in-space propulsion technologies.

2. Assess existing technological gaps in the collection, conversion, and transmission of in-
space solar energy.

3. Identify innovative space applications leveraging in-space solar energy and propulsion.

4. Develop a bottom-up roadmap-based on project synergies-to achieve technology-
enabling outcomes.

The secondary mission objectives are:

1. Produce a state-of-the-art report on emerging technologies for:
+ Solar energy conversion in space (Working Group 1 (WG1))
* Wireless power transmission (WG2)
* In-space propulsion (WG3)
2. Evaluate the advantages, disadvantages, and performance of competing technologies:
* Solar energy conversion (WG1)
* Microwave vs. laser WPT systems (WG2)
* In-space propulsion (WG3) within defined use cases.

11
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3. Identify synergies between WGs and projects, and pinpoint R&l technological
innovations based on these synergies.
4. Define potential use cases for In-Space Solar Energy Harvesting.
5. Establish a comparability baseline with existing technologies by defining
representative benchmark mission scenarios (current and future).
6. Conduct outreach activities, including technical sessions at relevant conferences:
* EUMW (European Microwave Week)
* IAS (International Astronautical Symposium)
* ESA Power Workshop
* EASN (European Aeronautics Science Network)
» Space PV
* IEEE WPT (Wireless Power Transfer Conference)

7. Develop a synergistic, bottom-up roadmap to commercialisation, including:
 Early exploitation
» Technology demos
* In-orbit demonstration possibilities

Project Categories

The nine selected projects address two key categories, as defined in the portfolio challenge
quide:

1. Category | — Collection, conversion, and transmission of in-space solar energy.
2. Category Il — In-space green propulsion.

Council

WP 20203 - In-space solar energy harvesting for o -
innovative space applications

Collection Conversion Wireless Power

Transmission

Perovskite solar cells/photonic

Modular, flexible & lightweight Sunlight Pumped Laser (SPL)
sulshinles rectennas Low power transmission for inter.
Nanoscale photosynethi > .
photosynelhic High Power Transmission satellite links

antennas

Nanowire cells rectennas

-

4

*

Enabling outcomes

E2E efficiency
. Interoperability =
In-space green propulsion Lightweight
In-space fuel production by converting I
Lt . Enabling outcomes == i
Solar Electric Propulsion (SEP) for in- Reduced propellant
space mobility I_I I I 1
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1.3 Governance structure

The high-level strategic steering of the portfolio is done by the EIC’s PM. All projects within the
portfolio are expected to contribute actively to its overarching objectives. The PM collaborates
with the projects to:

o Define the portfolio governance framework,

o Establish expectations for inter-project collaboration,

e Set rules for resource and data sharing, in accordance with the existing legal
framework,

e |dentify common strategies for exploitation, communication, and dissemination.

The In-Space Solar Energy Harvesting Portfolio is organised into four WGs, structured to
achieve the portfolio’'s primary goals. These WGs integrate the various projects, with their
organisation summarised in Figure 1.

The portfolio will pursue shared research and technology objectives, focusing on:

e Solar cell technologies,
¢ WPT, and
e In-space green propulsion.

Each WG will define its specific objectives, research activities, and deliverables, reporting to the
System Engineering Group. This group is responsible for:

e Integration of results,

o Life-cycle analysis,

o Hardware flight qualification activities, and
e Exploitation reporting.

13
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1.4 Portfolio synergies “Collaboration matrix”

The nine selected projects have identified potential synergies on a project-to-project level, as
reflected in the initial collaboration matrix below.

ET JUMP
APAC COMP INTO Green POWE REMP RePow S412T  ZEUS

E ACT SPéAC SWaP RSAT OWER erSiC

APAC X X X X

E
E.T.
COMP X X X X X
ACT
JUMP
INTO
SPAC
E
Green
SWaP
POWE
RSAT
REMP
OWER
RePow
erSiC X X
S412T X X
ZEUS X X X X

2 Portfolio Working Groups

Based on the synergies identified in the collaboration matrix, the nine projects have elected to
participate in one or more of the following Working Groups:

e WGH1: Solar Cells - Focuses on advancing research, technology, and applications
related to the generation and harvesting of solar energy in space.

o WG2: Wireless Power Transmission - Dedicated to progressing research, technology,
and applications in wireless power transmission for space environments.

e WG3: In-Space Green Propulsion - Advances research, technology, and applications in
sustainable in-space propulsion systems.

e WG4: System Engineering - Coordinates system-level engineering activities to foster
collaboration among partners across the three technical WGs. This group aims to
mature and advance the portfolio’s R&l activities and technologies, ensuring integrated
progress.

14
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The correlation of the Working Groups is displayed below:

WG4: System Engineering

Flight
Qualification

LCA

Test Facilities Integration

, All leaders of WGs + System Engineering Activities

Exploitation of
Results

\

WG1: Solar Cells WG2: Wireless Power Transmission
‘WG Lead: Francesca Brunetti ‘WG Lead: Antonio Garcia Loureiro

WG@G3: In-Space Green

Propulsion
‘WG Lead: Chiara Manfletti

+ JUMP INTO SPACE (Lead) -+ REPOWERSIC (Lead)
+ POWERSAT +  APACE

+ ET.COMPACT + REMPOWER

.+ sai2T - ZEUS

+ APACE +  POWERSAT

+ ZEUS

+ SA12T (Lead)
+  ET.COMPACT
+  GREENSWAP

2.1. Working Group 1 - Solar Cells

WG1 on Solar Cells is composed of comprises JUMP INTO SPACE, E.T. COMPACT, ZEUS,
APACE, and POWERSAT. It is dedicated to advancing research, technology, and applications
related to the generation and harvesting of solar energy in space. The group focuses on the
development of high-efficiency photovoltaic systems, deployment strategies for orbital solar
arrays, and integration with wireless power transmission methods for delivering clean energy
from space to Earth or to other space-based platforms. Below is an overview of the common

R&I domains.

Common R&l domains
Tandem PV for space

Interconnections via laser ablation for tandem PV
Radiation testing protocols for new PV for space
TCO development for space applications
Radiation simulations

Geometrical and electrical adaptation of PV modules
for space applications

Sustainable materials

Flexible substrates for PV in space

Encapsulation

Life Cycle Assessment (LCA)

Synergies
JUMP INTO SPACE, E.T. COMPACT, ZEUS

JUMP INTO SPACE, E.T. COMPACT
JUMP INTO SPACE, E.T. COMPACT, ZEUS
JUMP INTO SPACE, E.T. COMPACT, ZEUS
JUMP INTO SPACE, E.T. COMPACT, ZEUS
E.T. COMPACT, JUMP INTO SPACE

APACE, JUMP INTO SPACE

JUMP INTO SPACE, E.T. COMPACT,
POWERSAT

JUMP INTO SPACE, E.T. COMPACT,
ZEUS, APACE, POWERSAT

JUMP INTO SPACE, ZEUS, APACE

15
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2.1.1 WG 1 Objectives

WG1’s strategy to translate research into tangible advancements that support future space
missions is pursued through the following specific objectives:

OBJ 1: Produce a state-of-the-art report on emerging technologies in ISSEH, mapping
the current landscape and identifying promising directions.

OBJ 2: Define key use cases.

OBJ 3: Evaluate the main advantages, disadvantages, and performance of competing
technologies for solar energy conversion within the defined use cases.

OBJ 4: Identify synergies across projects, working groups, and research teams to
strengthen collaboration and avoid duplication of efforts.

OBJ 5: Facilitate dissemination and technical exchange through participation in - and
organisation of - dedicated technical sessions at relevant conferences.

OBJ 6: Establish a comparability baseline with existing technologies by defining
representative benchmark mission scenarios (current and future).

OBJ 7: Develop a roadmap towards commercialisation, including pathways for early
exploitation and opportunities for in-orbit demonstration.

2.1.2 WG 1 State of the Art - Solar Cells

WG1 discussed and reported on emerging technologies for in-space solar energy harvesting,
aiming to map the current technology landscape. The mapping focused on the following
technologies:

Tandem All-Perovskite Solar Cells

Single-junction PSCs have reached a power conversion efficiency (PCE) of 27%, matching the
performance of the incumbent crystalline silicon (c-Si) technology. To further enhance the PCE
of these world-record solar cells - and to overcome the detailed-balance limit for single-absorber
solar cells - a major research focus is on tandem solar cells. In these devices, two (or more)
different absorber materials are stacked to reduce thermalisation losses, thereby enhancing
PCE. Monolithic two-terminal (2T) perovskite/silicon tandem devices have recently achieved a
PCE of 34.6% (NREL, Cell Efficiency Records).

Currently, all-perovskite tandem cells on rigid glass substrates have reached a PCE of 30.1%
on a 0.049 cm? area in a 2T configuration (Green et al., 2025).

While most studies on tandem PSCs have focused on glass substrates, there is an increasing
shift towards the use of flexible substrates for more cost-effective and scalable production. The
field of all-perovskite tandem solar cells on flexible substrates is relatively new. However, a
certified PCE of 24.4% (24.7% uncertified) has recently been achieved on a 0.049 cm? cell (Li
et al., 2022). Although this PCE is lower than that on rigid glass, it already surpasses all other
types of flexible thin-film solar cells.

For large-area devices, 2T all-perovskite solar modules on glass have recently demonstrated a
certified efficiency of 24.5% with an aperture area of 20.25 cm?, exceeding the 22.4% efficiency
of a single-junction perovskite solar module at the same scale (Gao et al., 2024). On flexible
substrates, a 4T tandem configuration has achieved a PCE of 15.3% over an area of 50 cm?
(Babu et al., 2022).
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The high PCE potential of this technology promises a high power-to-weight ratio, making it
particularly attractive for space applications, where this metric is critical. Additionally, the high
bending durability at low radii is a relevant factor for extraterrestrial use. More importantly,
previous studies have demonstrated that halide perovskites are exceptionally well-suited for
space applications due to their resilience to proton irradiation (Lang et al., 2020) and high
radiation hardness, which exceeds that of commercially available radiation-hardened space
photovoltaics (Lang et al., 2021).

Currently, no known perovskite tandem devices have been developed specifically for space
applications.

Tandem Perovskite/CIGS Solar Cells

The current state-of-the-art in perovskite/CIGS tandem technology, fabricated in a 2T
configuration on rigid and flexible substrates, has demonstrated PCEs of 24.2% and 21.2%,
respectively. To the best of our knowledge, no reports exist on this type of configuration for
interconnected devices (modules) (Noh et al., 2024).

I1I-V Nanowire-based Solar Cells

I1I-V nanowire-based solar cells exhibit superior radiation performance compared to planar solar
cell designs. Their radiation tolerance, combined with efficient optical absorption and the
improving performance of nanowire photovoltaics, suggests that nanowire arrays could provide
a pathway to high-specific-power, substrate-free Ill-V space solar cells with significantly reduced
shielding requirements.

Nanowires consist of needle-like structures with diameters of a few hundred nanometres
(approximately 1,000 times thinner than a human hair). Due to their nanometric scale, they
behave as "hollow" devices from a radiation damage perspective, greatly enhancing their
radiation hardness while efficiently capturing nearly 100% of incoming light through
geometrically enhanced optical absorption. Remarkably, only about 10% of a surface area needs
to be covered with active material to absorb as much light as a thin film covering the entire area
of the same material. Our nanowire solar cells will utilise the same 11I-V semiconductor materials
as those in today’s well-established space technologies.

The current efficiency record for nanowire-based solar cells is 17.8%, achieved in devices
produced via top-down processing of InP nanowires etched from an InP single-junction solar cell
(van Dam et al.,, 2016). This result highlights the benefits of geometrically enhanced light
absorption in nanowires. However, top-down processed nanowires do not offer the same
advantages as bottom-up synthesis in terms of material combinations. For the latter, our single-
bandgap record efficiency currently stands at 16.7% (Hrachowina et al., 2020).

The bottom-up approach we employ avoids potentially detrimental etch-induced defects and
enables axial heterostructure synthesis without the constraints of lattice-matching requirements.
Single-junction nanowire solar cells have been proven to exhibit superior radiation hardness
compared to thin films, positioning them as potential game-changers for the next generation of
solar cells in satellite applications (Espinet-Gonzalez et al., 2020; Espinet-Gonzalez et al., 2019).

Moreover, multijunction nanowire solar cells offer a pathway to significantly higher solar energy
harvesting efficiencies compared to single-junction cells. We have recently demonstrated the
first heterojunction nanowire photovoltaic devices (Hrachowina et al., 2022; Hrachowina et al.,
2022), employing two- and three-bandgap designs in individual nanowires. This work defines
the state of the art in the field and establishes a strong foundation for further advancements.
Modelling studies indicate that triple-junction designs could reach efficiencies of up to 47%, using
as little as 1 gram of material per square metre.

Sunlight Pumped Laser

APACE aims to deliver a proof-of-principle demonstration of an unprecedented sunlight-pumped
laser (SPL), based on nanoscale photosynthetic antenna complexes. This innovative approach
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converts unconcentrated thermal sunlight into a coherent laser beam. The project harnesses the
highly efficient energy-funnelling capabilities of natural photosynthetic complexes - derived from
purple and green sulphur bacteria (e.g., R. sphaeroides) - as well as artificial antennae (e.g.,
C88S3 J-aggregates) to create ultra-low-threshold supramolecular gain media (SGM).

This approach builds on recent theoretical work by the APACE Coordinator (Mattiotti et al., 2021)
and seeks to overcome the limitations of previous non-concentrated SPLs, such as the low
efficiency (<0.023%) reported by a Japanese-German team (Masuda et al., 2022).

On a longer timescale, the exploitation of efficient solar-pumped lasers could potentially address
challenges associated with the indirect pumping of solid-state lasers - currently the state-of-the-
art solution for space applications. These systems require energy collection via a photovoltaic
(PV) module and a pumping source, typically a diode laser (Summerer & Purcell, 2009; Sasaki
& Advanced Mission Research Group, 2009).

APACE will thus lay the foundation for a novel solar harvesting technology, with the potential to
be fabricated in situ on permanent space stations. This technology could benefit from scalability
similar to that of photovoltaic panels. The collected energy could be used for in-situ energy
production (e.g., hydrogen generation) as well as for wireless power transmission - via infrared
laser beams - to satellites or to Earth.

Combined Solar and Microwave Energy Harvesting

Conventional solar panels primarily harvest energy from the visible portion of the solar spectrum
but remain largely ineffective for - or transparent to - ultraviolet (UV) and infrared (IR) radiation,
which spans frequencies of approximately 10 to 1,000 THz. This unutilised spectral range
accounts for nearly 55% of the total solar energy and extends to frequencies of up to 1,000 THz.

Recent advances in fabrication - such as imprinting processes on plastic substrates using six-
inch circular stamps - have demonstrated the ability to accommodate over 10 million
nanoantennae, showcasing the potential for scalable manufacturing of these devices. This
progress paves the way for enhanced rectification mechanisms at THz frequencies (Belkadi et
al., 2021; Solar Power Authority, 2021).

POWERSAT aims to address this spectral gap by developing a terahertz (THz) energy-
harvesting platform, covering the 10-400 THz range (approximately 30 ym to 750 nm in
wavelength). The platform is designed to complement traditional photovoltaic (PV) systems by
capturing previously unexploited segments of the solar spectrum.
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2.1.3 WG 1 GAPs- Challenges/Opportunities - Solar Cells

WG1 identified a number of gaps that constrain solar cell technologies for in-space solar energy
harvesting, as presented in the table below. The projects have pinpointed four major gaps in R&l
activities related to solar cells for in-space applications.

ID GAP uc Contributed
by
GAP-1 Low power per weight ratio of the currently used space 1,2,3,4 | JUMP INTO
PV technologies SPACE/ZEUS
GAP-2 Substrate re-use and integration of nanowire solar cells | 1,2,3,4 | ZEUS
on Si wafers reducing usage of scarce material of the
wafers.
GAP-3 | Low efficiency of lasers for space to earth energy 6,7 APACE
transmission
GAP-4 | Building the antenna in space conditions 6,7 APACE

These gaps are relevant to use cases involving the testing of solar cells in low Earth, medium
Earth, geostationary and lunar orbits, as well as on the lunar surface. In addition, there are a
number of critical challenges that need to be addressed, as summarised below. These
challenges will arise not only for use cases in low Earth orbit but also for future cis-lunar missions
- including those related to lunar orbit and surface operations - and potentially for terrestrial

applications.
ID GAP Opportunity uc Contributed
by
CHA-1 | High power/weight 1,2,3,4 | JUMP INTO
SPACE/ZEUS
CHA-2 | Nanowire surface passivation for device efficiency. ZEUS
CHA-3 | Indirect solar light harvesting 6,7 APACE
CHA-4 | Microgravity/partial-gravity and higher radiation 6,7 APACE
influence on the processes required to prepare and
operate the system
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WG1 also identified a number of promising areas to advance solar cell technologies for in-space
solar energy harvesting. These include:

- Powering miniaturised in-space satellites using perovskite tandem technologies.
- Powering satellites for lunar orbiting and lunar surface missions.

ID GAP Opportunity uc Contributed
by
OPP-1 Flexible perovskite solar cells and module could be 1,2,3,4 | JUMP INTO
realised to achieve high power/weight ratio SPACE
OPP-2 | Higher radiation resistance than currently used space ZEUS

PV technologies
OPP-3 | New laser gain medium directly exploiting the dilute 6,7 APACE
solar radiation, converting it into a coherent laser beam
OPP-4 | System suitable to work on Low Earth Orbit and/or 6,7 APACE
lunar surface base

2.1.4 WG 1 Portfolio Innovations

ID DESCRIPTION REMARKS SYNERGIES
RSA-1 | Common technological TCO, perovskite | All WG partners will
development, methods and layer, scaling up, | be involved

techniques how to make
contact,
encapsulation,
possible

collaboration on
new architectures

RSA-2 | Test on radiation hardness Sharing the list of | All partners
testing facilities
and do joint
experiments
RSA-3 | Writing proposal for access to the All
test facilities as WG1 of pathfinder
RSA-4 | Solar cells with improved radiation JUMP INTO SPACE,
hardness relative to State of the Art E.T. COMPACT,
space solar cells ZEUS, POWERSAT
RSA-5 | Solar energy harvesting solutions APACE, JUMP INTO
based on sustainable materials for SPACE

space applications
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2.1.5 Conclusion and Recommendations WG 1 Solar Cells

WG1 has successfully established a coordinated collaboration framework, integrating
five major projects - JUMP INTO SPACE, ZEUS, E.T. COMPACT, POWERSAT, and
APACE - towards a unified vision for in-space solar energy harvesting. The group has:
¢ Mapped the current technological landscape for the technologies developed by
partner projects.
¢ |dentified gaps, challenges, and opportunities in the field.
¢ Pinpointed common research areas and potential synergies between partner
projects.

Based on discussions within WG1 and across the broader portfolio, the following key
recommendations are proposed:

- Design and discuss standardised test protocols for the emerging ISSEH
technologies developed by WG1 members. Prioritise the joint development of
test campaigns - not only for radiation hardness but also for mechanical
flexibility and thermal stability.

- Strengthen cross-project collaboration on identified synergies, with a particular
focus on:

= Life-cycle sustainability.
= Common research areas addressing device design and manufacturing.

- Discuss and plan in advance any potential in-orbit demonstration (IOD)
missions to validate novel photovoltaic (PV) architectures in representative
orbital environments.

- Engage with national space agencies and organise a second edition of the
workshop on The Future of Space Solar Energy.
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2.2 Working Group 2 - Wireless Power Transmission

WG2 on Wireless Power Transmission comprises REPOWERSIC, REMPOWER, APACE,
POWERSAT, and ZEUS. The group is dedicated to advancing research, technology, and
applications related to power transmission in space, with a particular focus on developing high-
power, high-efficiency systems based on microwave and laser technologies. These systems are
designed to deliver energy to spacecraft, representing a paradigm shift in energy delivery
methodologies for both terrestrial and extraterrestrial applications. Their key advantages lie in
their capacity for efficient, scalable, and contactless transmission over extended distances.

Common Research Area Synergies

Laser Power Receiver RePowerSiC, APACE

Microwave Power Receiver RemPower, POWERSAT

Laser emitter RePowerSiC, APACE

Microwave emitter RemPower, POWERSAT,
ZEUS

Laser transmission RePowerSiC, APACE

Microwave transmission RemPower, POWERSAT,
ZEUS

Characterisation of the wireless transmission system RePowerSiC, RemPower,
POWERSAT

Working Group 2 is dedicated to pushing the boundaries of WPT technologies, with a specific
focus on microwave-based (MW-WPT) and laser-based (L-WPT) systems. These technologies
hold transformative potential for energy delivery, enabling contactless, efficient, and scalable
power transfer across long distances - both in space and terrestrial applications.

WG2's SoA analysis traces the evolution of WPT, from its early experimental foundations - such
as W.C. Brown’s groundbreaking microwave-powered drone in the 1960s - to today’s ambitious
space-based solar power (SBSP) initiatives. The analysis highlights international progress in
Japan, China, the United States, and Europe, while outlining emerging applications, including:

¢ Satellite-to-satellite power transfer,
e Lunar surface operations, and
¢ Deep-space missions.

WG2 has identified critical technological challenges and opportunities, including:
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e Improving laser power conversion efficiency,
e Developing high frequency rectennas, and
e Optimizing system architectures for large-scale deployment.

These insights are essential for shaping future research, development, and commercialization
strategies in the field of WPT.

2.2.1 Main Objectives of WG2

WG2 operates under a structured framework of strategic objectives designed to foster
innovation, collaboration, and market readiness:

e OBJ 1: Develop and manage a strategic plan for the WPT technology portfolio.

e OBJ 2: Conduct a comprehensive review of the state of the art in MW-WPT and
L-WPT.

e OBJ 3: Define benchmarks and use-case scenarios for WPT applications.

¢ OBJ 4: Identify commercialisation strategies and exploitation pathways.

¢ OBJ 5: Evaluate market adoption potential and competitiveness of WPT
solutions.

o OBJ 6: Promote dissemination and communication of portfolio activities.

e OBJ 7: Facilitate synergies and collaboration within WG2 and across other
working groups.

o OBJ 8: Ensure effective governance and alignment with EIC Pathfinder goals.

Through these objectives, WG2 aims to accelerate the development of next-generation WPT
systems and position Europe as a global leader in wireless energy innovation.

2.2.2 WG 2 — WPT State of the Art

Wireless Power Transmission (WPT) has emerged as a transformative solution for delivering
energy without physical connections, with two leading approaches - microwave (MW-WPT) and
laser-based (L-WPT or Laser Power Transmission (LPT)) - driving advancements in space and
terrestrial applications. MW-WPT, pioneered in the 1960s by W.C. Brown, initially faced
economic and technical challenges due to large antenna requirements, limiting its use primarily
to SBSP. Today, innovations in phased-array antennas, rectenna circuits, and high-efficiency
designs have enabled multi-kilowatt demonstrations and spurred global initiatives in Japan,
China, the U.S., and Europe, targeting satellite-to-satellite power transfer, lunar operations, and
megawatt-scale SBSP systems. Complementing this, LPT leverages high-efficiency laser
beams to overcome limitations of solar and nuclear systems, offering precise, scalable energy
delivery for satellites, lunar bases, and deep-space missions. Recent breakthroughs include
JAXA’'s Space Solar Power Systems (SSPS) concept, NASA’'s deep-space optical
communication milestones, and commercial developments like Mynaric’s optical terminals. Both
technologies promise to revolutionize energy distribution in space, enabling sustainable
exploration and novel applications such as drone powering, interplanetary relays, and CO,-free
terrestrial systems. In the following sections, the state of the art for these WPT technologies is
reviewed in detail.
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2.2.3 Review SoA for microwave (MW) technology

In the 1960s, W.C. Brown first used narrow-beam microwaves as energy carriers (Brown, 1984).
However, at the time, commercial applications of narrow-beam WPT were limited except for
space applications, in particular, SBSP. P.E. Glaser proposed SBSP in 1968 (Glaser, 1968),
following Brown’s success in 1964 with the first narrow-beam WPT experiment in a drone
aircraft.

However, theoretically, narrow-beam WPT requires large antennas, even in the case of
microwaves, to increase beam efficiency. Hence, narrow-beam WPT has historically been
viewed as economically infeasible and wired power transfer is still preferred. SBSP is the only
exception to this rule.

The text above is an extract from the WG 2 state of art analysis.

TABLE 2. A comparative performance of various published rectenna circuits at 94-95
GHz.

Hemour . . Matsui V.
Reference et al,, gﬂ'g# 38(110 \é¥2lssr2n0a1n4 et al, ;062%[ al., Palazzi et
2015 ’ " 2017 al., 2023
Rectifier GaAs (g:lcﬂ%‘éms ch 65-nm GaAs 40-nm GaN nano-
technology  diode diode CMOS diode CMOS Schottky
Ant + Ant + MMIC
: . Integ MMIC Integ MMIC . . MMIC
Architecture diode : . diode without :
chip with ant with ant chip ant without ant
Solid-
Tx source Klvstron Network Solid-state state Network Solid-state
type y analyzer power amp  power analyzer  power amp
amp
Tx power 4, 0.1 014 0.4 0.063 0.09
(W)
Rectenna
dc power 0.65 0.9 0.1 39 0.029 5.7
(mW)
(E(,Z‘)C‘e”cy 323 37 10 38 458 615
Element
area (mm2) 5.62 2.9 0.48 18 0.0756 1.58
Power
handling 0.17 0.31 0.038 2.38 0.38 3.61
(kW/m2)
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Typical SBSP Design Parameters with Microwaves
e Frequency: 5.8-GHz or 2.45-GHz CW.
e Transmitting antenna: Up to a 2-km phased array with more than 100 million
elements.
Estimated beam efficiency: >90% at a distance of 36,000 km.
Received and rectified power on ground: 1-GW DC.

Alternative Systems and Demonstrations
o Some SBSP systems are designed with laser power transfer.
¢ The U.S. Naval Research Laboratory recently demonstrated laser power transfer.
e The U.S. Department of Defence, in partnership with Northrop Grumman,
launched a US$100 million SBSP project, aiming to launch a demonstration
spacecraft, Arachne, in 2024 (Rodenbeck et al., 2021).

International Initiatives:

Japan

e Proposed a roadmap to commercial SBSP by 2050, considering necessary R&D and
potential commercial spin-offs.

e In 2018, a narrow-beam WPT experiment was conducted on a drone with a 5.8 GHz
phased-array antenna. WPT-assisted drones are one expected spin-off technology
(Rodenbeck et al., 2021).

A thin, high-efficiency phased-array antenna with GaN HEMT was developed.
In 2015, a 1.6-kW-50-m narrow-beam WPT at 5.8 GHz successfully received 330 W
DC.

e Development is underway for a “sandwich module” combining solar cells with a

phased-array antenna for future space experiments.

China

e Launched a national SBSP project (Shinohara, 2021).

e Plans to use a new superheavy lift rocket (under development) to construct a large
SBSP station in geostationary orbit.
Supported by a Chinese rocket company.
Aims to build a megawatt-level power generation facility by 2030 (GOV.CN, 2019;
Jones, 2021; Xinbin and Li, 2018)

e In 2021, conducted a 910-W-30-m WPT at 5.8 GHz with a phased-array antenna and
received 36 W DC.

United States

e In 2021, a 91.2-kW-1-km narrow-beam WPT at 10.5 GHz with a Cassegrain antenna
received 1.6-kW DC.

¢ United Kingdom

o Initiated a feasibility study on SBSP as a CO,-free power source.

Additional Space Applications of WPT
Satellite-to-Satellite WPT

e Inthe 1990s, a research group at Kyoto University (Japan) designed a power satellite
using 35-GHz WPT to supply power wirelessly to a user satellite (Figure 25). This can
reduce the weight of satellites by replacing heavy solar panels and batteries with
lightweight rectennas.

Lunar Applications
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e WPT could be used to:
o Power moon rovers via microwave or mm-wave.
o Provide power to non-sunlit lunar areas from a 100-km lunar orbit.
o Enable practical SBSP and advance space exploration capabilities.

Additional WPT Technologies in Space
e Wide-beam WPT and coupling WPT are applicable in space systems.
e The “Internet of Space”, based on wide-beam WPT, is a new concept in space system
engineering.
¢ In small satellites, inductive WPT can help reduce the weight of onboard power cables.

WPT, particularly in space, presents novel and practical opportunities to enhance human
activities beyond Earth. SBSP remains its most advanced application, with other promising uses
in drones, satellites, and lunar systems under active development.

2.2.4 Review SoA for optical technology

Laser Power Transmission is an advanced form of WPT that uses high-efficiency laser beams
to deliver power across long distances, particularly in space. It addresses limitations of
traditional systems like solar arrays and nuclear power, offering sustainable, scalable, and
precise energy delivery for satellites, lunar bases, and deep-space missions (Zheng et al.,
2024; Baraskar et al., 2022).

1. Wireless Power Transmission Overview

WPT enables contactless energy transfer, reducing dependency on solar exposure and nuclear
risks. Laser-based WPT, in particular, supports uninterrupted power delivery in environments
where conventional methods fail—such as during planetary eclipses or in deep-space missions
(Baraskar et al., 2022; /\. 7T 4 T 4 7, 2021; Jin and Zhou, 2019).

2.2.5 Space-Based Advancements

JAXA (Japan Aerospace Exploration Agency)
Developed the Space Solar Power Satellite/Station (SSPS) concept (JAXA, Research
on Laser Wireless Power Transmission Technology).
o Achievements include mutual laser link systems with 1 prad accuracy, continuous-wave
fibre lasers, and InGaAs-based receivers.
¢ Conducted successful 500 m ground tests; working toward 1 GW-class SBSP by the
2030s (JAXA).

NASA

e Through the Deep Space Optical Communications (DSOC) project, NASA proved high-
bandwidth laser communication from the Psyche mission (NASA, NASA Deep Space
Optical Communications; Wikipedia, Deep Space Optical Communications).

e Achievements: First deep-space laser link (Nov 2023) and 15-second HD video
transmitted from 31 million km away (Dec 2023) (NASA, NASA Deep Space Optical
Communications).

e Ongoing: Testing for Mars and beyond through 2025, aiming to support deep-space
habitats and interstellar probes.
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Mynaric
e Developed the CONDOR Mk3 optical terminal for inter-satellite links at up to 2.5 Gbps
(10 Gbps planned) (Mynaric, Condor Mk3).
e Benefits include ultra-secure communication, modular design, and SDA compliance for
scalable satellite constellations.

2.2.6 Terrestrial and Subaquatic Applications

Aerial Robots

o University of Washington’s RoboFly achieved first laser-powered flight without
batteries, using a 976 nm laser and PV cell (James et al., 2018). Conversion efficiency
reached 40% over distances >1 meter.

Next-Gen Drones

e Mohammadnia et al. evaluated PV materials (GaAs, CdTe, c-Si) under 810 nm laser at
500 m (Mohammadnia, 2021). GaAs panels received 73.5 W net power; thermal
management was improved using two-phase cooling. Efficiency drops significantly with
range, highlighting importance of tracking and cooling systems.

Wi-Charge — AirCord™

e Delivers infrared laser power wirelessly up to 9.1 meters (Wi-Charge, Aircord
Technology). Uses Al for dynamic power distribution and safe, focused transmission
ideal for loT-heavy environments.

Underwater Optical Communications

o Studies showed solar panels can function as UWOC receivers (Kong et al, 2018).
Demonstrated 22.56 Mbps over 7 m with OFDM modulation and resilience to turbidity.
Chen et al. improved performance using 2x2 panel arrays and MRC, achieving 84
Mbps and enhanced robustness (Chen et al., 2019).

2.2.7 LPT Applications in Space

LPT has multiple use cases:

o Satellites and Spacecraft: Offers stable power without reliance on solar panels or
onboard storage (Zheng et al., 2024; Baraskar et al., 2022; Maynard et al., 1974).

e Lunar and Martian Operations: Useful in areas with low sunlight (e.g., lunar craters) or
dust storms (e.g., Mars) (Baraskar et al., 2022).

o Deep-Space Missions: Reduces reliance on heavy RTGs or large solar arrays (/\. 7T
14T 4 7,2021; Jin and Zhou, 2019).

e SBSP: Enables energy beaming to Earth or other spacecraft without atmospheric
losses (Baraskar et al., 2022; Jin and Zhou, 2019).

e Robotics and Rovers: Supports exploration in shadowed or harsh environments (e.g.,
Europa or asteroid belts) (Zheng et al., 2024; /\. 7 T 4 T 4 7, 2021; Jin and Zhou,
2019).

o Interplanetary Relays: Midway laser relay stations can refuel spacecraft power during
deep-space journeys (Zheng et al., 2024; /\. 7 T 4 T 4 7, 2021; Jin and Zhou,
2019).
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WG2 R&l activities have identified the following key challenges for wireless power
transmission for in space solar energy harvesting.

o Efficiency: Losses during generation, transmission, and conversion (Zheng et al.,

2024).

e Beam Tracking: Needs high-precision alignment and adaptive optics (Jin and Zhou,
2019)

e Thermal Management: Laser heat can degrade receiver efficiency (Baraskar et al.,
2022).

o Safety & Cost: High-intensity lasers require careful design; infrastructure deployment
is expensive (Zheng et al., 2024)

Nonetheless, emerging innovations like Al beam control and advanced PV materials continue
improving LPT viability (Zheng et al., 2024; Jin and Zhou, 2019).

2.2.9 WG2 GAPs - Challenges/Opportunities

WG2 has identified several critical gaps that currently limit the performance and scalability of
wireless power transmission technologies. These include the need to significantly improve the
efficiency of laser power converters and high-power laser transmission systems, which suffer
from energy losses and thermal instability. There is also a lack of high-efficiency rectifiers and
rectenna architectures capable of handling high frequencies and large surface areas, essential
for space-based applications. Additionally, challenges remain in capturing unused RF energy
from satellite systems and enhancing solar laser efficiency without concentration optics.
Addressing these gaps is key to unlocking the full potential of WPT for space, terrestrial, and
emerging applications.

ID GAPs uc Contributed
by
GAP-1 | Improve the efficiency of laser power converter (LPC) | 1,7.1 | RePowerSiC
GAP-2 | Improve the efficiency of the high-power laser 1, 7.1 | RePowerSiC
transmission system (HPLT). Current technology
suffers from energy losses, thermal issues, and beam
instability, limiting efficiency and long-distance
operation.
GAP-3 | Limited efficiency of high-power rectifiers (>10 mW) at | 3, 4, 5, | REMPOWER
high frequency (W band) 6
GAP-4 | No high-power and high frequency rectenna 3,4,5, | REMPOWER
technology available to cover large surfaces (hundreds | 6
of meters)
GAP-5 | Unused RF energy from satellite antennas 3 POWERSAT
GAP-6 | Improve efficiency of unconcentrated solar laser by 2/3 APACE
order of magnitude. Current efficiencies of solar laser
without concentration lenses are close to 0.1%.
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APACE aims to create a demonstrator with efficiency
in the range 1-10%.

GAP-7 | Improve power-added-efficiency in PA to more efficient | 16 Zeus
energy conversion. Avoid IlI-V substrates for
mechanical stability, cost and environment.

WG2 has outlined several key challenges that must be addressed to advance wireless power
transmission technologies. These include achieving high conversion efficiencies in both laser
and microwave systems, particularly under high-power and high-frequency conditions.
Maintaining beam coherence and stability over long distances is another major hurdle, especially
in space environments. Additionally, challenges such as thermal management, material
degradation, and the need for lightweight, modular architectures complicate system design.
Overcoming these issues is essential to ensure reliable, scalable, and cost-effective deployment
of WPT solutions across diverse applications.

ID Challenges uc Contributed
by

CHA-1 | Obtain 80% LPC power conversion efficiency (PCE) 1,7.1 | RePowerSiC

CHA-2 | Obtain a 30% HPLT end-to-end PCE, overcoming 1,7.1 | RePowerSiC

material degradation, managing excessive heat,
maintaining beam coherence

CHA-3 | Demonstrate a rectifier with efficiency above State-of- | 3, 4, 5, | REMPOWER
the-Art at 100 GHz for an input power up to 50 mW 6
CHA-4 | Demonstrate an efficient, lightweight (<10 kg/m?) and 3,4,5, | REMPOWER

modular rectenna architecture for high input power 6

density >1kW/m2 @100GHz
CHA-5 | No efficient way to capture spillover RF power 3 POWERSAT
CHA-6 | Solar light is extremely diluted. Ultra-low threshold APACE

laser medium needs to be developed. Engineering
organic antennae with lasing units order to reach a
good energy transfer from the antennae to the lasing
units is the main challenge.

CHA-7 | Use transistors that combine high fmax with adequate | 16 Zeus
breakdown voltages and design higher class amplifiers

WG2 has identified several promising opportunities to advance wireless power transmission
technologies. These include leveraging materials like silicon carbide (SiC) to significantly boost
laser power conversion efficiency and improve the resilience of transmission systems in space
environments. There is also potential to develop lightweight, modular rectenna architectures for
large-scale energy harvesting, and to optimize diode modelling for high-frequency rectifiers.
Additionally, integrating RF energy harvesting into satellite systems and exploring organic
materials for solar laser generation open new avenues for innovation. These opportunities pave
the way for more efficient, scalable, and versatile WPT solutions across space, terrestrial, and
emerging applications.
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ID Opportunities uc Contributed
by
OPP-1 | SiC is a promising material to reach high power 1,7.1 | RePowerSiC
conversion efficiency (PCE) in laser power converters
(LPC)
OPP-2 Use of SiC, a highly resistant material to space 1,71 RePowerSiC

conditions, development of high efficiency laser and
optics transmission systems, efficient cooling
techniques and automatic guiding systems

OPP-3 | Advanced diode modeling and rectifier's optimisation 3,4,5, | REMPOWER
6

OPP-4 | Combination of highly efficient rectifiers 3,4,5, | REMPOWER
6

OPP-5 Rectennas for RF-to-DC conversion, integrated 3 POWERSAT

antenna-harvester systems, beam-steering arrays

OPP-6 | APACE is developing new antennae and lasing units APACE
employing organic chemistry in order to maximise
energy transfer efficiency.

OPP-7 | Refine IlI-V nanowire transistor technology 16 Zeus

2.2.10 WG 2 WPT Portfolio Innovations

ID DESCRIPTION REMARKS SYNERGIES

RSA-1 | Laser Power Receiver

This innovation focuses on the development of advanced receivers capable of efficiently
converting laser energy into usable electrical power. These receivers are critical for space-
based applications where solar exposure is limited or intermittent. By integrating high-
efficiency photovoltaic materials and thermal management systems, RSA-1 aims to enable
reliable power delivery for satellites, lunar bases, and deep-space missions.

RSA-2 | Microwave Power Receiver

RSA-2 targets the design of receivers optimized for microwave-based wireless power
transmission. These systems are particularly relevant for large-scale energy transfer
scenarios, such as SBSP stations beaming energy to Earth. The innovation involves
improving rectenna architectures to maximise conversion efficiency, reduce weight, and
support high-power densities over long distances.

RSA-3 | Laser emitter

The laser emitter is a cornerstone of laser wireless power transmission (LPT). RSA-3
focuses on developing high-power, stable, and beam-coherent laser sources that can
operate efficiently in space environments. These emitters must overcome challenges
related to thermal dissipation, beam divergence, and material degradation, while
maintaining precise targeting and safety standards.

RSA-4 | Microwave emitter

RSA-4 involves the creation of robust microwave emitters capable of generating and
directing high-frequency energy beams for wireless transmission. These emitters are
essential for SBSP systems and satellite-to-satellite power transfer. The innovation includes
optimising power amplifiers, antenna arrays, and transmission control systems to ensure
high efficiency and minimal energy loss.

RSA-5 | Laser transmission
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This innovation addresses the transmission pathway of laser energy from emitter to

receiver. RSA-5 includes the development of optical systems that maintain beam

coherence, minimize atmospheric losses, and adapt to dynamic environmental conditions.

It also explores the use of Al-driven beam steering and adaptive optics to enhance precision

and reliability.

RSA-6 | Microwave transmission

RSA-6 focuses on the transmission of microwave energy across vast distances, particularly

in space. It involves designing phased-array systems, waveguides, and beam-forming

technologies that ensure high-efficiency energy delivery. The innovation also considers the

integration of modular and scalable architectures for future SBSP deployments.

RSA-7 | Characterisation of the laser wireless

transmission system

This innovation supports the detailed analysis and performance evaluation of laser-based

WPT systems. RSA-7 includes metrics such as beam quality, transmission efficiency,

thermal behaviour, and system reliability. The goal is to establish benchmarks and validation

protocols that guide future development and deployment.

RSA-8 | Characterisation of the microwave

wireless transmission system

RSA-8 provides a framework for assessing the performance of microwave WPT systems. It

involves measuring parameters like power density, beam efficiency, rectenna response, and

environmental resilience. This characterization is essential for optimising system design and

ensuring compliance with operational and safety standards.
The portfolio innovations developed by WG 2 offer a complete ecosystem for wireless power
transmission, covering both microwave and laser technologies. They include advanced emitters
and receivers designed for high efficiency and adaptability, enabling reliable energy transfer
across long distances and in harsh environments like space. Transmission systems are
optimized for beam stability and minimal energy loss, while characterization tools ensure precise
performance evaluation and system validation. Together, these innovations provide key
advantages such as scalability, modularity, and enhanced energy conversion - making them
ideal for applications ranging from satellites and lunar bases to terrestrial and underwater
systems.

2.2.11. Conclusion and Recommendations WG 2 WPT

Wireless Power Transmission stands at the forefront of next-generation energy systems, offering
transformative potential for space, terrestrial, and emerging applications. WG2 has provided a
comprehensive analysis of the current state of the art, identified key gaps and challenges, and
outlined promising opportunities for innovation. To successfully achieve WG2’s objectives, it is
recommended to:

1. Invest in high-efficiency materials such as SiC and advanced PV technologies to
improve conversion rates and system resilience.

2. Develop scalable and modular architectures for rectennas and transmission
systems to support large-area deployments.

3. Enhance beam control and tracking systems, leveraging Al and adaptive optics for
precision and stability.

4. Foster cross-project collaboration to exploit synergies and accelerate technology
integration.
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5. Establish robust benchmarking and validation protocols to guide development and

ensure performance consistency.

6. Promote commercialization strategies by aligning technical progress with market

needs and regulatory frameworks.

By following these recommendations, WG2 can drive the maturation of WPT technologies and
position Europe as a global leader in sustainable, wireless energy solutions.

2.3 Working Group 3 - In-Space Green Propulsion

WG3 is composed of Ice2Thrust, E.T. COMPACT, and Green SWaP. Individual portfolio
managers are responsible for their project contributions to WG-level deliverables. The PM of

Ice2Thrust is responsible for overall WG3 coordination.

Research Area
Catalytic ignition and decomposition

Advanced Cooling Technologies for Thrust Chambers

Ultra-compact deployment systems for large flexible
surfaces

Inflatable and deployable tanks

Production and concentration of propellants in orbit from
stored water

Solar thermal propulsion

Close-Proximity, docking and propellant (water) refilling
technologies

CubeSat propulsion system integration

ISRU: Water extraction from icy regoliths

DC/DC-Converters

2.3.1 WG 3 - Objectives

Synergies
Ice2Thrust, Green SWaP

Ice2Thrust, Green SWaP
Ice2Thrust

Ice2Thrust, Green SWaP
Ice2Thrust, Green SWaP

Green SWaP, Ice2Thrust

Ice2Thrust, Green SWaP,
E.T. COMPACT

Ice2Thrust, E.T.
COMPACT, Green SWaP

Ice2Thrust, Green SWaP

Ice2Thrust, E.T.
COMPACT, Green SWaP

WG3 is dedicated to advancing research, technology, and applications related to space
propulsion. To this end, the following objectives have been defined in order to facilitate both
collaboration and commercialisation of technologies developed by participating projects.

o OBJ-1: Demonstrate that the building blocks of the WG3 Green Propulsion

Technologies can be competitive with existing solutions.
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o OBJ-2: Identify the most promising scenarios/use cases for the WG3 Green
Propulsion Technologies. For each propulsion technology, specific scenarios may be
identified.

o OBJ-3: Establish a comparability baseline to existing propulsion technologies by
defining representative benchmark mission scenarios.

o OBJ-4: Establish a synergistic roadmap to commercialisation, incl. early exploitation
and in-orbit demonstration possibilities

o OBJ-5: Identify and investigate synergies regarding energy supply and/or
conversion with the other WGs in the portfolio.

o OBJ-6: Identify and exploit synergies within this WG, with the aim to improve the
combined potential of the propulsion technologies investigated.

In the first year of collaboration, work has progressed towards fulfilling these objectives.
Common state-of-the-art, technology gaps, challenges, and opportunities have been identified.
Promising technology use cases were identified, building a baseline for a consistent
comparability baseline. WG3 is further working to explore a multi-project in-orbit demonstration
and organising regular scientific exchange on common research areas.

2.3.2 WG 3 - State of the Art

To contextualize the developments proposed by the WG3 portfolio projects, a state of the art of
key technologies is presented. This review highlights the limitations of conventional satellite
propulsion systems and shows how current shortcomings of green propulsion systems, such as
limited performance benefit and unproven reliability, prevent their wider adoption. A solid
understanding of the state-of-the-art of alternative and supplementary technologies such as
propellant-less propulsion and in-situ resource utilization is also key to identifying the pathways
toward their wider adoption.

Description

Small Satellite Propulsion

Conventional small satellite propulsion systems rely on electrical, chemical or cold gas thruster
systems for propulsion. Chemical propulsion systems commonly rely on toxic propellants such
as Hydrazine, which is typically sourced from outside the EU. Green alternatives to hydrazine
cannot compete on specific impulse, ignition reliability and storability yet. Cold gas thruster
systems, on the other hand, offer inherently lower specific impulse and energy density, limiting
their use to small manoeuvres and attitude control.

Water Electrolysis Propulsion

Water electrolysis propulsion (WEP) systems are emerging as a cleaner, more sustainable
alternative to traditional chemical propulsion systems. While enabling strategic autonomy, the
choice of water as a propellant promises higher specific impulse than commercial satellite
propulsion systems. A WEP demonstrator mission was launched by NASA in 2021, with
development efforts ongoing across the private sectors in both the USA and Europe.

Propellant-less Propulsion
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Conventional in-space propulsion systems are based on propellant, which penalises mass and
volume budgets and limit the total AV that can be provided by the thruster. Electrodynamic
Tethers (ETs) are long in-orbit conductors that exchange momentum and energy with the planet
magnetosphere and can provide a propulsion force without using propellant. Several past
missions demonstrated the fundamentals of ETs, including drag and thrust generation, but a
high-performance product is not yet available [Sanchez-Arriaga, 2024]. Several worldwide
initiatives are ongoing to mature ET technology and prepare products to address the new needs
of the space sector, including deorbiting of space debris. In Europe, the support of the EIC
allowed to prepare a flight ready deorbit device based on bare ETs [Sanchez-Arriaga,2024] and
new concepts like the bare-photovoltaic tether arose [Tajmar, 2021]

Distributed spinning space systems

Distributed spinning space systems connected by electrodynamic tether have been only
theoretically studied in the past but never demonstrated in orbit. Thanks to the varying geometry
between the tether and the earth magnetic field, these spacecrafts offer propellant-less orbital
mobility capability including orbital inclination change.

Use of HTP as Greener Propellant

One of the most widely considered alternatives to liquid toxic propellants, such as hydrazine, is
high-grade hydrogen peroxide (HTP). However, the transition to greener propellants in general
faces significant obstacles. A key drawback of HTP is its lower performance compared to
hydrazine as well as its need for an efficient long-life catalyst. Additionally, its material-
compatibility issue together with its long-term instability remains a design/mission challenge,
primarily due to its tendency to self-decompose over time. These factors have slowed down its
widespread adoption as a viable green propulsion solution.

In-space propellant production from water

Using water as a stored propellant offers a cleaner, safer, and potentially highly efficient
propulsion system. As an emerging technology, its current focus is mainly on direct electrolysis,
producing gaseous hydrogen and oxygen to be used immediately as propellants. This
technology is still in the early stages of development, primarily studied for low-thrust applications.
The co-products of water decomposition are in general not stored for future use and even less
for different types of propulsion.

H202/Hz Production from Water Using Solar Energy

The production of hydrogen peroxide (H20O.) and hydrogen (H2) from water using solar energy
has been extensively studied for terrestrial applications through methods like
photo/electrocatalysis (PEC) and non-thermal plasma interaction with water (PW). These
approaches produce H2O- at low concentrations, but the challenges they face on Earth differ
significantly from those encountered in space. On Earth, various factors, such as atmospheric
disturbances, affect the process, while in space, abundant light is consistently available and
external disturbances are minimal. However, space-based applications introduce new
challenges, including the need for highly concentrated H»O, (HTP), compact systems,
specialized operational conditions, micro-gravity, and full automation.
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Solar Thermal Propulsion

Solar thermal propulsion (STP) uses concentrated sunlight to heat a propellant to high
temperatures so that when the heated gas expands through a nozzle, it produces thrust.
Although studied for over 60 years, this technology remains largely theoretical and with very little
experimental validation (especially in space) due to challenges such as complex system
integration, thermal management, and precise solar tracking. Recent research, including work
at TU Delft, shows that for small spacecraft (10—100 kg) with low thrust levels (0.1-20 N), STP
can offer significant performance benefits over conventional propulsion, and advances in
materials and concentrator design are gradually moving it toward practical application in space.
The use of hydrogen as STP propellant, although potentially disruptive in terms of achievable
specific impulse due to the very low molecular mass, has never been demonstrated in lab
prototypes due to several technical challenges such as low propellant density and material
embrittlement.

In-space servicing and propellant refilling

In-space servicing and propellant refilling have made notable progress in recent years. These
advancements enable the maintenance, repair, and refilling of satellites and other spacecraft
while in orbit, enhancing their longevity and cost-effectiveness. E.g. Northrop Grumman's
Mission Extension Vehicle (MEV) has been successfully deployed to extend the operational life
of aging satellites by docking and providing propulsion and attitude control. These capabilities
are particularly valuable for maintaining critical satellite infrastructure without the need for new
launches. A significant portion of refilling activities is driven by military applications, focusing on
hydrazine propellants due to their storability and wide-spread use.

2.3.3 WG 3 - GAPs- Challenges/Opportunities

ID GAP WG3- Contributed
uc by
GAP-1 Unknown resource availability on Moon & Near-Earth | 8,10 Ice2Thrust

Objects (NEOs): The concentration and state of water
deposits on the moon and near-earth objects are still
being investigated. Insights obtained in this area would
have significant implications on manned and unmanned
missions to the moon and near-earth objects as well as
the utility of the moon and NEOs as resource hubs

GAP-2 | Increase lifetime and efficiency of expellant-less 1,2,3,4,5 | E.T.
cathodes COMPACT

GAP-3 In-orbit production, concentration and storage of | 6,7, 8, Green SWaP
greener propellants from water: current in-space | 12
propulsion architectures rely almost entirely on Earth-
launched (often toxic) propellants, and no integrated
system yet exists that can co-produce, concentrate and
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store H,0O, and H, from water in microgravity at rocket-
grade specifications. Demonstrating a sustainable
“solar-to-propellant” chain — from water to high-test
peroxide and hydrogen, coupled with dedicated
optimized thrusters and refuellable orbital stages — is
essential to enable renewable in-space refuelling,

greener OTVs, and long-term autonomous operations.

WG 3 has identified a number of challenges to in-space green propulsion.

ID

Challenges

WG3-
uc

Contributed
by

CHA-1

Growing number of space objects

The increasing density of spacecraft and debris in
Earth’s orbit presents a growing challenge for small
spacecraft. ESA  Space Debris Mitigation
Requirements aim to tackle this problem with active
post-mission disposal of spacecraft. Small spacecraft
will increasingly need to carry propulsion systems for
both collision avoidance and disposal, and operators
will be seeking solutions, slowly until a regulatory
regime is established or a catastrophic event
happens, and more quickly should one or both of
these happen.

1,4

Ice2Thrust

CHA-2

Propellant-less In-Orbit Transportation

A key building block of any in-orbit servicing (l0S)
vehicle is the propulsion system. When reliant on
propellant, the number of services that can be
provided is limited. While the oS market is not yet
mature in terms of regular commercial demand, there
is a strong momentum in technological development
that creates an opportunity for propellant-less
technologies to demonstrate their value. Applications
such as multiple active debris removal, multi-payload
last mile delivery, orbital recycling, and the transfer of
heavy supplies between orbits are all scenarios
where having infinite specific impulse makes the
difference in terms of cost and profits.

1,4,7

E.T. Compact

CHA-3

Drag Compensation

Satellites and space stations at very low altitude need
a propulsion system to compensate the aerodynamic
drag. Huge cost-saving for space stations

(governmental and private) can be achieved and a

E.T. Compact
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new market for Earth observation satellites can be
open if a cost-effective solution to compensate the air
drag if found.

CHA-4

Renewable Propulsive Resource in Space

The current reliance on Earth-launched (toxic)
propellant imposes major limitations on mass, cost,
payload capacity, and mission sustainability.
Developing the capability to produce propellant in
space directly from water would address these
challenges, opening the door to clean, cheap and
renewable in-space propulsion. This breakthrough
enables on-demand refuelling, extending mission
lifespans while cutting launch costs and reducing
reliance on Earth-based resources, paving the way
for a sustainable use of energy resources in space.

6,8

Ice2Thrust

CHA-5

Safe Storage and Utilisation of In-Orbit—Produced
Greener Propellants

Producing hydrogen and  high-concentration
hydrogen peroxide in orbit requires new solutions for
safe, compact and on-demand long-term storage.
Green SWaP addresses this challenge by developing
integrated solar-powered water-to-propellant
production, pervaporation concentration for H202,
and inflatable storage systems for gaseous (here H,)
propellants.

CHA-6

Increasing in-orbit population and demand for
logistics infrastructure

The growing number of satellites, service vehicles
and space stations creates an increasing need for
coordinated in-orbit logistics, refuelling and resource
distribution. Existing systems are designed for single-
use missions, with no shared infrastructure for
propellant or resource exchange. Developing
reusable propulsion, storage and refuelling
capabilities is essential to sustain operations in
increasingly congested orbital environments.

Green SWaP
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WG 3 has identified several promising opportunities to advance in-space propulsion in the
context of advancing propulsion technologies for in orbit satellite servicing, very low Earth orbit
(VLEO) and in-orbit logistics and refuelling.

ID

Opportunity

WG3-
uc

Contributed
by

OPP-1

Solar panel technology development

Improvements in satellite power generation can directly
and immediately improve the efficiency of propulsion
systems relying on electrical power. Such technologies,
also developed within the EIC Pathfinder Portfolio,
render proposed solutions increasingly more
competitive with conventional propulsion systems.

OPP-2

Space Debris Mitigation of Mid and Large Satellites
The 5-year post mission disposal times pave the way
for a market for deorbit technologies. Autonomous and
non-autonomous deorbit devices are needed to
address the needs of the space sector.

12,4

E.T.
COMPACT

OPP-3

loS Market Development

The 1oS market is expected to generate $4.5 billion in
revenue over the 2024-2033 period with a CAGR larger
than 10%. Since oS needs efficient propulsion and in-
orbit transportation, a propellant-less propulsion system
can produce dramatic cost savings.

E.T.
COMPACT

OPP-4

Very Low Earth Orbit Applications

Missions at VLEO are an opportunity in terms of higher
resolution for Earth observation, lower launch cost,
lower collision risk and simple fulfilment of space debris
policies, and reduced radiation. However, an efficient
propulsion system for drag compensation is needed.
Propellant-less propulsion can fill the gap and produce
dramatic cost saving for new space stations.

E.T.
COMPACT

OPP-5

Renewable Propulsive Resource in Space

The current reliance on Earth-launched (toxic)
propellant imposes major limitations on mass, cost,
payload capacity, and mission sustainability.
Developing the capability to produce propellant in space
directly from water would address these challenges,
opening the door to clean, cheap and renewable in-
space propulsion. This breakthrough enables on-
demand refuelling, extending mission lifespans while
cutting launch costs and reducing reliance on Earth-
based resources, paving the way for a sustainable use
of energy resources in space.

57

lce2Thrust
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OPP-6

Mission cost reduction through refilling

By launching spacecraft with only water as the onboard
propellant, launch costs can be significantly reduced
and spacecraft designs can be more compact, freeing
up valuable space for additional payloads or
instruments.

Furthermore, by harnessing resources found on
celestial bodies, ISRU can be used to produce
propellants locally, reducing the need to transport large
quantities from Earth. This approach can drastically
lower the cost of space missions and enable more
sustainable and long-term exploration. For instance,
extracting water ice from the lunar poles and converting
it into hydrogen and oxygen propellants could support
refuelling stations for spacecraft operating in lunar orbit
or traveling to and from the Moon. This capability would
facilitate extended missions, reduce dependency on
Earth-based supplies, and open new avenues for
commercial activities, such as Ilunar mining and
manufacturing.

OPP-7

In-orbit logistics and refuelling infrastructure.

The growing population of satellites and service
vehicles creates a strong opportunity for developing
shared in-orbit logistics and refuelling capabilities.
Green technologies for on-demand propellant
production, storage and transfer - such as water-to-
propellant conversion and modular refuelling - can
enable a circular propulsion ecosystem that supports
reusable spacecraft and long-duration missions.
Establishing such infrastructure will reduce launch
costs, extend mission lifetimes and foster a sustainable
space economy.

OPP-8

High-performance greener propulsion for
small/medium/larges satellites/stages

By coupling in-situ produced propellants with optimized
bipropellant and solar-thermal thrusters, new
propulsion systems can reach higher specific impulse
while complying with REACH and ESA Clean-Space
objectives. This creates opportunities for satellite
propulsion, modular orbital-transfer vehicles and on-
demand mobility services using non-toxic propellants.

Innovation
Council
57 Ice2Thrust
Green SWaP
4,5, Green SWaP
6,7,
12
4,5,6, | Green SWaP
7,12
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2.3.4 WG 3 - Portfolio Innovation & Activities

The projects within WG3 showcase a range of innovative technologies that address the key
market gaps and challenges identified earlier. The table below highlights the main
contributions of each project.

Project Innovation
Ice2Thrust Highest specific impulse of storable, chemical propulsion systems (>370s)
lce2Thrust High-pressure PEM electrolysis (up to 100 bar) for in-situ production of

pressurised GH2 and GO2 in space

End-to-end demonstration of the in-situ resource utilisation of water for

Ice2Thrust .
propulsion
Pumpless Water-refilling of spacecraft through a specifically developed
Ice2Thrust docking adapter/fluidic system and attitude control based on water-derived
propellant
lce2Thrust Machine learning-based algorithms for close-proximity and docking

operations and thus enabling 10S

E.T. COMPACT | Propellant-less Mobility Module for small satellites

Expellant-less cathodes for applications on electrodynamic tethers, electric

E.T. COMPACT propulsion, and floating potential control
ET COMPACT Software suite to compute the performance of spinning electrodynamic
tethers.
Green SWaP Stable in-space co-production of HTP and H2 from water either by
Photocatalytic, Electrocatalytic or by Plasma-based approach
Design of an inflatable or deployable pressure-proof tank up to 50 bars for in
Green SWaP
space storage of gaseous H2 (extendable as well to other gases)
Development of a main chemical bipropellant propulsion based on HTP and
Green SWaP gaseous H2 (Isp>340s) up to 200N thrust
Green SWaP Implementation of a 1N class solar thermal thruster to be operated with

hydrogen propellant as auxiliary spacecraft propulsion (Isp>500s)

The activities of the Working Group focus on advancing eco-friendly and innovative green
propulsion technologies for in-space applications. These include solutions capable of
supporting orbital station-keeping or manoeuvres, satellite servicing, active debris removal, and
end-of-life operations. By developing autonomous and renewable resource—driven propulsion
systems, the WG aims to increase EU’s strategic autonomy in space and unlock new mission
capabilities. In addition, the technologies pursued are expected to reduce overall mission costs
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by lowering propellant requirements and spacecraft mass, thereby strengthening EU
competitiveness in the growing space economy.

2.3.5 Conclusions and Recommendations of WG3

WG3 has successfully established a common understanding and organisational framework
across three major projects, laying the foundation for effective collaboration. The group has
identified synergies and initiated plans for technical exchanges at the researcher level, fostering
deeper integration of expertise. A key conclusion is the need for a common comparability
baseline to assess both novel and established propulsion technologies, not only in terms of
technical performance but also commercial competitiveness. Additional opportunities have been
recognized in the cross-usage of research infrastructure, as well as in aligning commercialization
roadmaps, including joint IOD activities, exchange of experiences, and ecosystem insights.

To successfully achieve WG3’s objectives, it is recommended to:

¢ Develop and adopt a uniform comparability framework to benchmark propulsion
technologies across performance and market viability.

e Strengthen technical exchanges at the researcher level to accelerate knowledge
transfer and innovation.

o Explore and formalize mechanisms for shared use of research infrastructure to
maximize efficiency and reduce duplication.

o Coordinate commercialization strategies by aligning project roadmaps, potentially
through joint IOD activities and shared ecosystem learnings.

o Foster cross-project collaboration to leverage synergies and ensure a coherent
pathway from research to market adoption.

By following these recommendations, WG3 can drive the maturation of greener propulsion
systems and position Europe at the forefront of sustainable space mobility solutions.

2.4 Working Group 4 - System Engineering

The objective of WG4 is to collect key information for the innovations of WG1, WG2 and WG3
and conduct system engineering activities to foster future collaboration among partners of
different projects of the portfolio to mature and advance their technologies.

During 2025 the WG also released a newsletter EIC Pathfinder Portfolio in which WGs report on
their progress, the projects evolution, scientific publications, events and webinars.

To meet this objective, WG4 is planning to organize key data of the innovations, like mass,
volume and power, into a comprehensive table. One of the goals is to understand the budget
envelope of a future |IOD to demonstrate several innovations together.
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2.4.1 Innovation for IOD/IOV — mass volume/power/budget

As part of the Space Portfolio activities and roadmap preparation, the characteristics and needs
of a future 10D of the technologies of the Space Portfolio are studied. The goal is double. Firstly,
one finds fostering collaboration among the different projects to maximize the impact and look
for synergies. Secondly, an 10D is the most effective framework to increase the TRL of
innovations and move them from the lab to the market.

To understand the requirements of a future platform to implement the 10D, Table 7 shows a
summary of the innovations of the Space Portfolio, the TRL that it is expected at the end of the

Pathfinder projects, and their tentative mass, volume, and power budgets.

Innovations

Project

Expected
TRL by
2027

Mass
(kg)

Vol
(V)

Power
(W)

Comments

Electrodynamic Tether (ET)
Propulsion System

E.T.
COMPACT

4

5

3

50

Short (a few
hundred
meters)
spinning ET
system to
provide
propellant-less
thrust and
drag. It
includes the
ET, the
deployment
mechanism,
and the
cathode.

Expellant-less Field Emission Cathode

E.T.
COMPACT

0.06

<1

Power
consumption
@ 10 mA,;
Mass and
Volume
without Power
Processing
Unit (PPU);
can be used
for
electrodynamic
tethers,
spacecraft
neutralization
and Electric
Propulsion

Expellant-less Thermionic Cathode

E.T.
COMPACT

0.1

50

Power
consumption
@ 100 mA;
Mass and
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x>

Volume
without Power
Processing
Unit (PPU);
can be used
for
electrodynamic
tethers,
spacecraft
neutralization
and Electric
Propulsion

CIGS/PVK 2T Solar panel

E.T.
COMPACT

0.3

<1U

N/A

Small solar
panel based
on CIGS/PVK

Bare Photovoltaic Tether (BPT)
Sample

E.T.
COMPACT

0.1

N/A

Short (a few
meters) BPT
sample based
on CIGS/PVK
2T technology.

Water Electrolysis Propulsion

Ice2Thrust

5/6

TBD

TBD

TBD

In-Orbit Docking and Water Refilling

lce2Thrust

4/5

TBD

TBD

TBD

Close
proximity
operations and
docking can be
demonstrated
independently
from refilling

Photocatalytic/Electrocatalytic/Plasma-
based H2 & H202 Production Module
+ HTP Concentration Unit

Green SWaP

200kg

25
m3

1.5kW

Performance
targets include
>80% H202
concentration
at 1 mg/cm?/h
and stable
operation over
20h.

Inflatable Pressure Tank for Gaseous
H2

Green SWaP

TBD

TBD

NA

Inflatable or
deployable
storage tank
capable of
holding
gaseous H2 at
up to 50 bars

98%-HTP/H2 Bipropellant Thruster
(200 N)

Green SWaP

TBD

TBD

TBD

Chemical
propulsion
system using
in-situ
produced H2
and H202 with
expected
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x>

specific
impulse >340
s

Solar Thermal Thruster (1 N)

Green SWaP

TBD

TBD

TBD

Uses solar
energy to heat
H2 propellant,
targeting
specific
impulse >500
s as auxiliary
propulsion
system

Tandem Perovskite/Perovskite solar
module

JUMP INTO
SPACE

3/4

~0.025

TBD

>5
W/g

flexible module
dimensions
5x5 cm?

Laser Power Receiver

REPOWERSIC

3/4

0.5

TBD

200

Laser power
receiver based
on SiC.
Module
dimensions
8x8 cm?

Microwave Power Receiver (in Earth)

REMPOWER

10

TBD

Transmission
of energy to
airborne
receiver above
Earth

Microwave Power Receiver (in orbit)

REMPOWER

TBD

100

Microwave Power Receiver (in lander)

REMPOWER

0.5

TBD

0.25

Nanowire solar cell

ZEUS

3/4

TBD

TBD

N/A

Solar cell size
can be
adapted for
IOD/IOV

Micro Laser Emitter

APACE

TBD

~0.01
to
0.1

Emitter
wavelengths:
1030-1070 nm,
650nm-750nm

Table: Summary of technologies of the EIC Space Portfolio
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4. Need for new R&Il developments

The objective of this section is to summarize the need for new R&l developments in the context
of solar cells (WG 1), wireless power transmission (WG2) and in-space green propulsion (WG
3). The list below is an initial list as this | the first version of the Strategic Portfolio Plan. It will

evolve with the next version of the plan.

WG1 Solar Cells have identified the need for the development of highly efficient, rad-had space
solar cells. In particular for nanowire solar cells, there is a need of a new passivation scheme for
nanowire solar cells and the development of fabrication techniques that enable the scalable
production of nanowire-based solar cell devices over large substrate areas while maintaining
high performance and ensuring reduced manufacturing costs. This includes advancing
deposition, patterning, and integration processes suitable for industrial-scale implementation,

beyond the small-area prototypes typically demonstrated in laboratory settings.

WG 2 Wireless Power Transmission identified several R&l areas that need further research:

1. Conversion Technologies
o DC-to-RF conversion of harvested solar energy for long-distance transmission in
space.
o Development of laser-based and microwave-based transmission systems.
2. Transmission Infrastructure
o Large beam-pointing antennas for efficient energy transmission.
o Grids of re-transmitting stations to amplify and relay energy across space.

o Exploration of transparent antennas, modular solar concentrators, and rectennas

(antenna + rectifier systems).
3. Receiver Technologies
e Wireless receiver devices capable of reconverting transmitted energy into usable
forms.
o Integration with on-board batteries and energy storage systems.
4. System Integration
o End-to-end efficiency improvements in: Collection, Conversion, Storage,
Transmission
e Scalable solutions for different spacecraft sizes and mission profiles.
5. Green Propulsion Synergies
e Use of transmitted energy for eco-friendly propulsion systems.
e Support for in-orbit service, active debris removal, and end-of-life operations.
6. Manufacturing & Assembly
o Development of in-space robotic solutions for manufacturing and assembling solar
units and transmission infrastructure.

WG 3 In Space Green Propulsion working group has also identified a number of areas in
which there is a need for R&l activities.

1. High-performance Green Propulsion
o Demonstration of reliable catalytic ignition systems.
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Development of high-performance thrust chamber cooling technologies with
minimal impact on specific impulse.

Implementation of propellant-less mobility hardware using electrodynamic
tethers.

In-situ Propellant Production

End-to-end demonstration of in-space water utilization for propulsion.
Development of water-to-propellant conversion methods.

In-orbit servicing and close-proximity operations

Design of pumpless water-refilling systems and a specialised docking
adapter.

Development of hardware and software enabling close-proximity and docking
operations.

Develop simple interfaces to install autonomous deorbit device in future
satellites.

Basic research on dynamic and control of spinning electrodynamic tethers in
close operation.

4. Space Propulsion related technologies

Design of lightweight, high-pressure tanks for gaseous propellant storage
Improvement (efficiency and lifetime) of expellant-less cathodes for
electrodynamic tethers and electric propulsion.

Development and improvement of numerical tools to assess the performance of
in-space propulsion technology and their potential impact on space
sustainability

5. Material science applied to space propulsion

Low-work function materials applied to electron emitters and tethers
Improve lifetime of key materials used in propulsion systems.

5. Future In Space Solar Energy Harvesting Use Cases

The projects identified common “use cases” for in-space solar energy harvesting. The selected
projects have already identified detailed use cases as described in section 5.2. Under the
proposed use cases, the projects will identify synergies to achieve the portfolio objectives, which
are to advance in-space solar energy harvesting technologies for collection (perovskite cells,
new types of antennas, rectennas, solar concentrators, etc.), solar energy conversion, wireless
power transmission (e.g. laser, microwave) and in-space green propulsion (e.g. solar electric
propulsion and electrodynamic tethers).

A number of interesting “use- cases” have emerged as presented below:
LEO - space solar power stations, microgravity space stations, active debris removal
(ADR), 10S, LEO modular cubesat propulsion modules/spacecraft/ LEO kick stage

space

LEO to GEO
GEO - LEO to GEO, 10S, GEO space factory, GEO satellite to airship
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o Cis-Lunar - R&l lunar space stations, lunar spacecraft to lunar surface, lunar surface -
to-surfaces, ISRU, lunar resupply module

e Asteroid mining - asteroid lander module WPT, asteroid utilization lunar/LEO orbits

e |cy moons and return

e Others - terrestrial applications — powering agriculture rovers WPT, powering through
perovskite tandem technology

The initially identified use cases by the projects are summarized in Annex A. These use cases
will evolve and further develop in parallel with the projects. The goal is not only to accomplish
the portfolio objectives, but also to define requirements and achieving the expected individual
project outcomes (e.g. E2E efficiency, interoperability, etc.).
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6. “Bottom-up” Roadmap

6.1 Innovation Timeline

The below table presents the timeline of the innovations of the space portfolio projects. For each
innovation, the figure shows the target t-TRL to be achieved over time, as well as the funding
source (internal or external) that is expected to be used to carry out the development activities.
Expected years to start the commercialization of products based on the project’s innovations are
also presented. For each project, the desired year (or years) for an in-orbit demonstration is also
given.

Innovation 2122|2202 | 20 | 203
0j0(0[0]|29 |0 ( 31 2
212]|2|2 3
51678 0
Green Mobility Module TRL4
Public
funding to
TRL 8 for
demonstrat
or
Product preparation
&
Commercialization
BETsMA v3.0 TRL 8 Commercialization
Printed structure and compliant mechanism TRL 4 Public Commerc
funding t- ialization
TRL 8
Expellant-less Cathode TRL 5 Public Commerc
funding t- ialization
TRL 8
Bare-Photovoltaic Tether TRL4 Public | Incorporation
fundin to PERSEI
gt- Space
TRL 8 roducts
IOD for E.T. COMPACT Innovations
Water Electrolysis Propulsion
Target Follow-On Activity
TRL 6
In-orbit Docking and Water Refilling Follow-On Activity
Ice2Thrust
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g t-TRL unding t-
5.6 TRL8
TRL4
Public/ | ©°
TRL4 Private .
Funding t- 2?8'
TRL8 .
atio
n
|| [ 10D |
TRL 4
Public
funding, t-
TRL 6
Public
funding, t-TRL
8
TRL 4
Public
funding, t-
TRL 6
Public
funding, t-TRL
8
TRL 4
Public
funding, t-
TRL 6
Public
funding, t-TRL
8
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HTP/H2 Bipropellant Thruster Target TRL 6 Follow-On Activity
Solar Thermal Thruster Target TRL6 | Follow-On Activity
Inflatable Pressure Tank for Gaseous H2 Target TRL 4 Follow-On Activity
Photocatalytic/Electrocatalytic/Plasma-based
H2 & H202 Production Module + HTP Target TRL 4 Follow-On Activity

IOD for Green SWaP Innovations

Public .
Fundin | _ " uPlic
Biomimetic sunlight-pumped microlaser TRL4 Funding t-
g t-TRL
TRL8
5-6
|OD for APACE Innovations || | 10D

Table: Timeline of the innovations of the Space Portfolio

In the upcoming years the portfolio projects will identify concrete technologies that will be eager
to introduce to the market. There will possibly for a number of projects that together might pursue

early commercialization activities.
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6.2 Portfolio Innovation & Commercialisation Synergies
In this section, there is an outline of the potential innovation and commercialization synergies
among the 9 projects in the In-Space Solar Energy Harvesting Portfolio of the EIC. As identified
“bottom-up” by the projects.

Project

RePowerSiC

APACE

ZEUS

Green SWaP

E.T. COMPACT

S412T

REMPOWER

Primary Focus

High-power laser
transmission

Sunlight-pumped
laser systems

Nanowire solar
cells

Circular, greener
in-space
propulsion: solar-
powered in-orbit
production,
concentration,

storage and use of

H,O,/H,
propellants from
water

PVK/CIGS solar
cell devices

Solar-electric water

propulsion and
resource
distribution &
utilisation

Modular rectennas
and antennas

Synergy Potential

Can supply energy to
propulsion systems
(e.g., ZEUS, Green
SWaP)
Complements
RePowerSiC in laser
transmission; can
integrate with
POWERSAT
High-efficiency
energy collection;
feeds into
transmission systems
(e.g., POWERSAT)
Could use electrical
energy from WG1
and water resources
from S412T; could
integrate with JUMP
INTO SPACE for
refuelling and
servicing; supports
Ice2Thrust and E.T.
COMPACT in
renewable propulsion
chain

Can be combined
with ZEUS for hybrid
solar arrays

Water Extraction
benefits from wireless
power transmission
Solar or beamed
energy powers on-
board electrolysis
Receives energy
from
APACE/RePowerSiC;
supports
POWERSAT

Commercialization
Opportunities
Laser-based power
transmission for satellite
servicing and mobility

Compact laser systems
for inter-satellite energy
transfer

Advanced PV cells for
small satellites and
modular platforms

Greener in-space
propulsion solutions,
including in-orbit
propellant production
and refuelling modules,
reusable orbital transfer
vehicles, and low-mass
propulsion kits for
satellites and servicing
platforms

Commercial solar
modules for space and
lunar surface
applications
High-performance
Green Propulsion
systems; In-Space
Mobility & Servicing
(incl. Refilling) Solutions

Wireless energy

receivers for satellite
clusters
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POWERSAT High-power Central to energy Inter-satellite energy
transmission distribution; grid infrastructure
systems interoperable with
REMPOWER,
APACE, RePowerSiC
JUMP INTO Perovskite solar Can be integrated Flexible solar panels for
SPACE cells and photonic with ZEUS and E.T. lunar and deep-space
tech COMPACT for hybrid = missions

solar harvesting

6.1. Lessons Learned

This section summarizes some lessons learned and past experiences from the partners of the
Space Portfolio from previous EIC-funded projects and the ongoing activities in the Portfolio.

Intellectual Property Right (IPR) of Project Results. Very often a result obtained in a
Pathfinder project belongs to several partners of the project, or such a result wants to be
exploited by a third party. In both cases, it is necessary to sign a technology license agreement
in case a specific member of the project or the third party wants to use, modify, and
commercialize it. The Consortium Agreement is the legal document that regulates IPR but, since
they are prepared before the project starts and the TRL at the beginning is very low (or even the
particular result was not expected and comes out during the project), very often the Consortium
Agreement does not provide a practical and efficient solution to ensure that the results are
exploited. The owner of the result, even if it does not plan to exploit it in the short term, may be
reluctant to sign a license agreement, in part because it is difficult to assess the value of the
result and does not want to take the risk of undervaluing it. This is something intrinsic to
Pathfinder projects, which are focused on high-risk/high gain technologies. As a consequence,
partners enter into a long negotiation process that is not efficient, could collide with the needs of
the third party, e.g. if it is a young startup, and can even erode the relationship between team
members. As a recommendation, we suggest to study and reinforce actual mechanisms to
ensure that results of EIC-funded projects are transferred or licensed in an agile and effective
manner when a partner or third party asks for it. For instance, it may be useful that all
beneficiaries participating in EIC-funded projects are forced to satisfy certain deadlines at certain
milestones in case another beneficiary and/or third party would show interest in getting a license
of a technology.

Effective Communication and Collaboration. During the first year, RePowerSiC, APACE, and
REMPOWER projects demonstrated the value of collaborative communication by joining forces
within the framework of the WPT Conference and Expo, held in Rome in June 2025. Together,
they organized a dedicated special session focusing on Wireless Power Transfer in Space, a
topic central to all three initiatives. This joint effort proved to be highly beneficial, fostering
enhanced synergy among the participating projects. By working collectively to prepare
presentations, the teams were able to consolidate their expertise and resources, resulting in
more comprehensive and impactful content. The collaborative session enabled the projects to
amplify their communication reach, highlighting their individual and shared advancements, and
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showcasing the multi-faceted approaches to WPT in Space. Presenting multiple projects in a
unified forum increased visibility and credibility for each initiative, facilitating knowledge
exchange and networking opportunities with both academic and industry stakeholders attending
the conference. This strategy not only broadened the impact of their research and development
efforts but also helped to establish a strong foundation for future joint ventures, paving the way
for ongoing cooperation in the pursuit of advanced wireless power technologies in space
applications.

Engagement with national space agencies. From the organization of the workshop “Beyond
Earth: the future of solar space energy” organized by JUMP INTO SPACE in collaboration with
the Italian Space Agency in May 2025, we learned that it is worth to reach out to national space
agencies, presenting your EIC Pathfinder project and discussing possible initiatives that benefit
both parties. One-day workshops or similar events might attract their interest: you can bring your
academic connections, they can bring their industrial connections, and everyone can benefit
from discussion and networking. It could also be a good opportunity to increase visibility of the
involved project and the entire Portfolio. Finally, they usually have the national test facilities
mapped and can help in granting access or, at least, in connecting you to the relevant contact
persons.

Fund raising. Moving the results of the EIC-funded project from the lab to the market requires
significant resources. The EIC implements already multiple actions to ease the attraction of
private capital like organization of events with investors. As a recommendation, we suggest that,
at the beginning of Pathfinder projects, investors are connected to the portfolio. They could
participate in the Review and Final Meetings (as experts) with the double goal of being informed
about project results and consortium roadmap for commercialization and also provide useful
feedback to the partners. The beneficiaries should know at the beginning of the project the
assigned investors to strengthen collaboration.

Startup foundation. Very often Pathfinder project consortia involve universities and startups
are born from them. The startup can be founded and driven by professors or by young team
members (for instance people who developed their PhD during the Pathfinder project). Some
professors are reluctant to create a startup because they know that, at least during the first year,
they should do their normal work at the university and lead the startup simultaneously. This is
painful, due to the lack of resources for creating the startup (a time-consuming administrative
task), interacting with investors, negotiating IPR and license agreements with the partners of the
projects, creating a business plan, recruiting personnel in case they have already attracted
funding, etc. It is a difficult and hard task, but very important to ensure that the results of EIC-
funded projects have an opportunity to the market. Tthe tools and services of the EIC are very
effective. Nonetheless, we recommend creating a specific grant to promote startup foundation
and help it during its first year. A grant in the range of about 100 k€ would ensure that a CEO
and another employee could be recruited. The grant can also act as a magnet to attract
additional private funding to the startup (for instance from the investors that are assigned to the
Pathfinder project in case the recommendation about Fund Raising is also implemented).

Market Alignment and Validation. A significant challenge is the risk of technical-market
misalignment. Project consortia may focus on performance metrics (e.g., specific impulse), while
satellite integrators prioritize low unit cost, reliability, and minimal integration overhead
("plug-and-play") over raw performance. Furthermore, this also impacts the |IOD strategy. The
chosen 10D platform must not only be accessible but suit commercial validation - an accessible
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platform (e.g., CubeSat) may have operational constraints preventing demonstration of the full
value proposition. A successful I0OD must validate the specific parameters (cost, ease-of-
integration) valued by the target customer.

Standardization. Projects dealing with very novel technologies should use the Portfolio for
pushing and addressing the need for standardized protocols to assess the performance and the
operation stability of such technologies. Perovskite-based tandem PV, for example, do not have
specific standards to refer to for an unambiguous definition of their performance in space
conditions, making it hard to demonstrate their competitiveness against more mature and
established technologies. Standardization or, at least, guidelines should be discussed also for
the Life Cycle Assessment of the Portfolio technologies.

7. Conclusions

The selected projects have already identified common synergies to achieve the portfolio
objectives, which are to advance in-space solar energy harvesting technologies for collection
(perovskite cells, new types of antennas, rectennas, solar concentrators, etc.), solar energy
conversion, wireless power transmission (e.g. laser, microwave) and in-space green propulsion
(e.g. solar electric propulsion and electrodynamic tethers). The projects proposed innovative
concepts that address E2E energy efficiency conversion or transmission, demonstrate
interoperability, high efficiency conversion and address lightweight aspects. They work together
under four working groups on solar cells (WG1), wireless power transmission (WG 2), in-space
green propulsion (WG3) and system engineering (WG4).

The performed analysis of the state of the art, challenges, gaps and opportunities under the
ISSEH portfolio has resulted in project synergies with identification of portfolio innovations in the
domains of solar cells, wireless power transmission and in-space green propulsion.

WG 1 Solar cells (JUMP INRO SPACE, ZEUS, E.T.COMPACT, POWERSAT and APACE)
identified common R&I areas to work together in the development and testing not only of
radiation hardness but also mechanical and thermal stability of solar cells for in space solar
energy harvesting applications and potential |IOD missions to validate novel PV architecture.

WG 2 Wireless Power Transmission (RePowerSiC, APACE, REMPOWER, ZEUS,
POWERSAT) identified a number of promising areas for innovation. Ones related to investing in
high-efficiency materials such as SiC and advanced PV technologies for improving conversion
rate, scalable and modular architectures, enhancing beam control and tracking systems
leveraging on Al and adaptive optics for precision and stability, establishing robust
benchmarking and validation protocols and early commercialisation activities.

WG 3 In Space Green Propulsion (S412T, APACE, ZEUS, GREENSWAP, E.T. COMPACT) have
identified common R&l areas related to the need for a common comparability baseline to assess
both novel and established propulsion technologies, not only in terms of technical performance,
but also commercial competitiveness. Additional opportunities have been recognized in the
cross-usage of research infrastructure, as well as in aligning commercialization roadmaps,
including joint IOD activities, exchange of experiences, and ecosystem insights. For regular
updates on the progress of the WG and the R&l activities under this portfolio please check their
newsletter EIC Pathfinder Portfolio.
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A number of interesting “use- cases” have emerged from the ongoing projects for their
innovations related to space solar stations, SBSP, ADR, In-Space Assembly and Manufacturing
(ISAM), ISRU, Cis-lunar exploration and Asteroid mining, etc. However, the diversity of the
concepts and technologies researched under each WG will require common criteria for selecting
“use cases” under which the projects can identify synergies and be complementary in their
research objectives. The goal is not only to accomplish the portfolio objectives but also defining
requirements and achieving the expected individual project outcomes (e.g. E2E efficiency,
interoperability, etc.). The projects have proposed an initial roadmap and are aiming at common
IOD missions to test their innovations. Initial use case definition and early commercialization
considerations are being explored by some of the projects in preparation for innovations with
market potential for early market entry, building start-ups and achieving proof of concept for
future In Space Solar Energy Harvesting missions.
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Annex: Future “Use cases” for In-Space Solar Energy
Harvesting

Introduction to WG Use Cases

The projects identified common “use cases” for in-space solar energy harvesting. The selected
projects have already identified detailed use cases as described in section 5.2. Under the
proposed use cases, the projects will identify synergies to achieve the portfolio objectives, which
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are to advance in-space solar energy harvesting technologies for collection (perovskite cells,
new types of antennas, rectennas, solar concentrators, etc.), solar energy conversion, wireless
power transmission (e.g. laser, microwave) and in-space green propulsion (e.g. solar electric
propulsion and electrodynamic tethers).

A number of interesting “use- cases” have emerged as presented below:

o LEO - space solar power stations, microgravity space stations, ADR, 10S, LEO
modular cubesat propulsion modules/spacecraft/ LEO kick stage space

e LEOto GEO

e GEO-LEO to GEO, I0S, GEO space factory, GEO satellite to airship

o Cis-Lunar - R&l lunar space stations, lunar spacecraft to lunar surface, lunar surface -
to-surfaces, ISRU, lunar resupply module

¢ Asteroid mining - asteroid lander module WPT, asteroid utilization lunar/LEO orbits

e |cy moons and return

e Others - terrestrial applications — powering agriculture rovers WPT, powering through
perovskite tandem technology

The goal is not only to accomplish the portfolio objectives, but also to define requirements and
achieving the expected individual project outcomes (e.g. E2E efficiency, interoperability, etc.).

SPACE

UC-6 JUMP INTO
SPACE, E.T.
COMPACT, POWERSAT
UC-9 APACE

ZEUS

UC-6 REMPOWER
UC-11 APACE
UC-12 APACE
UC-13 APACE
UC-14 APACE

Use Case | WG 1 WG 2 WG 3
LEO UC-1 E.T. COMPACT UC-1 REPOWERSIC UC-01 12T/ E.T.
UC-3 E.T. COMPACT, UC-4 REMPOWER COMPACT /Green
JUMP INTO SPACE, UC-8 POWERSAT SWaP
ZEUS UC-9 POWERSAT UC-02 E.T. COMPACT
UC-8 APACE UC-10 POWERSAT UC-03 E.T. COMPACT
UC-11 APACE UC-04 12T/ E.T.
UC-12 APACE COMPACT
UC-13 APACE UC-05 12T/ E.T.
UC-14 APACE COMPACT
UC-16 ZEUS UC-06 Green SWaP
UC-07 Green SWaP
UC-09 12T
GEO UC-2 ETCOMPACT UC-3 REMPOWER UC-05 12T
ZEUS UC-8 POWERSAT UC-06 Green SWaP
UC-10 POWERSAT UC-07 Green SWaP
UC-11 APACE UC-12 12T/Green SWaP
UC-14 APACE
Cis-Lunar | UC-4 JUMP INTO UC-2 REPOWERSIC UcC-11 12T
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Asteroids | UC-5 REMPOWER, UC-5 REMPOWER UcC-11 12T
JUMP INTO SPACE, UC-08 12T/Green SWaP
ZEUS
Ilcy Moons | UC-6
Others UC-7 E.T. Compact, UC-7.1 REPOWERSIC UC-10 12T

JUMP INTO SPACE,
ZEUS

UC-7.2 POWERSAT
UC-15 APACE
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