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Top Vehicle

NASA’s Small Spacecraft Propulsion and Inspection Capability (SSPICY) mission is the agency’s
first commercial technology demonstration for in-space satellite servicing and inspection. The
mission, led by Starfish Space of Seattle, Washington, advances an innovative approach to
enabling commercial inspection of defunct, or inoperable, satellites in low Earth orbit, a precursor
to capturing and repairing or removing the satellites. The spacecraft is expected to launch in late
2026 and will begin performing inspections in 2027.

Credit: Starfish Space.

Middle Four Spacecraft

NASA'’s Polarimeter to Unify the Corona and Heliosphere (PUNCH) mission, led by the Southwest
Research Institute of Boulder, Colorado, is a constellation of four small satellites in low Earth orbit
that is making global, 3D observations of the Sun’s corona to better understand how the mass
and energy there become the solar wind that fills the solar system. Three of the PUNCH satellites
are equipped with wide field imagers and one with a narrow field imager that, working together,
are creating a combined field of view and mapping the region where the Sun’s corona transitions
to the solar wind. The PUNCH satellites launched on March 11, 2025 aboard a SpaceX Falcon 9
rocket from Vandenberg Space Force Base in California.

Credit: Southwest Research Institute.

Lower Spacecraft

DiskSat is an innovative approach to small satellite architecture, developed in partnership with
NASA and the US Space Force’'s Space Systems Command. The DiskSat technology
demonstration mission is composed of four DiskSats to verify the performance of this new small
spacecraft platform and demonstrate the launch dispenser mechanism. DiskSat’s compact, plate-
shaped design could offer more power and surface area for instruments and provide more
opportunities for NASA to expand mission objectives for small spacecraft. The first DiskSat
demonstration mission launched on December 18, 2025 on STP-S30, a Rocket Lab Electron
rocket from Launch Complex 2 on Wallops Island, Virginia.

Credit: The Aerospace Corporation.
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Preface

NASA’s Small Spacecraft Technology State-of-the-art report is updated annually to capture new
information on publicly available small spacecraft systems from NASA and other sources. Each
chapter captures the development status of current state-of-the-art SmallSat technologies, along
with design considerations for readers when identifying components for a mission. The
organizational approach for each chapter includes an introduction to the technology, the current
development status of procurable systems, and summary tables of the technologies surveyed. In
this way, each chapter presents a stand-alone report on the given spacecraft subsystem, with
updated information on new and maturing technologies and reference missions as applicable.

When the first edition of this report was published in 2013, 247 CubeSats and 105 other non-
CubeSat small spacecraft under 50 kilograms (kg) had been launched worldwide representing
less than 2% of the total mass launched into orbit over multiple years. Small satellite flight heritage
has greatly increased since then, with small spacecraft becoming the primary means for
commercial, government, private, and academic institutions to access space. Since 2023, there
has been an influx of mini-class small spacecraft constellations with a mass of 201-600 kg, as
well as a new generation of larger small spacecraft constellations weighing 600-1,200 kg (1).
While updates in all chapters reflect this growth in the small spacecraft market, a focused effort
was made to update areas reflecting recent technology developments that may ultimately bridge
existing technology gaps.

This edition features updates that reflect the next generation of small spacecraft missions.
Demands for larger platforms are discussed in the Complete Spacecraft Platforms chapter and
expanded upon in the Integration, Launch, Deployment, and Orbital Transport chapter. This new
launch paradigm indicates an increase in Orbital Maneuvering/Transport Vehicle (OMV/OTV)
services as well as in autonomous spacecraft capabilities to support higher payload data
throughput. The SmallSat Avionics chapter received a complete rewrite that expands on the
increasing onboard processing capabilities of SmallSats and CubeSats. Future RF and Optical
Communications technologies and missions are highlighted in the Communications chapter, and
in the Guidance, Navigation, and Control chapter, the RPOD section was updated to reflect recent
interest and developments. All content in the Power Systems and In-Space Propulsion chapters
was updated to reflect continued progression toward more capable SmallSats.

This report should not be considered a comprehensive overview of all technologies, but rather a
general overview of current state-of-the-art SmallSat technologies and their development status.
It should be noted that technology maturity designations may vary with changes to payload,
mission requirements, reliability considerations, and/or the environment in which performance
was demonstrated. Readers are highly encouraged to contact companies for further information
regarding the performance and maturity of the described technology. Any companies mentioned
in this report are for informational purposes only and do not constitute an endorsement by NASA.

References

(1) Bryce and Space Technology. “SmallSat by the Numbers, 2025.” Accessed March 14,
2026. [Online] Available at: https://brycetech.com/reports/report-
documents/Bryce_Smallsats_2025.pdf
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1.0 Introduction
1.1 Objective

The objective of this report is to assess and provide an overview of the state of the art in small
spacecraft technologies for use by mission designers, project managers, technologists, and
students, connecting current small spacecraft missions to available technologies. This report
focuses on the spacecraft system in its entirety, provides current best practices for integration
and key considerations for the reader where possible, and presents devices from publicly
available sources for each specific spacecraft subsystem.

This report is a survey of small spacecraft technologies sourced from open literature; it is not an
original source. In addition, this report only considers literature in the public domain. Information
presented in this report is limited to SmallSat technology that is publicly available as of April 1,
2026. It does not include information on instrumentation, science payloads, or advances or
developments that have not been publicly disclosed. Commonly used sources for data include
manufacturer datasheets, press releases, conference papers, journal papers, public filings with
government agencies, news articles, presentations, the compendium of databases accessed via
NASA'’s Small Spacecraft Systems Virtual Institute (S3VI) Information Search, and engagement
with companies. Data not appropriate for public dissemination, such as proprietary, export
controlled, or otherwise restricted data, are not considered. We encourage the SmallSat
community to publish mission outcomes and technology development milestones in publicly
available conference papers, press releases, or company websites so they can be reflected in
future editions of this report.

This report is funded by NASA’s Space Technology Mission Directorate (STMD). It was first
commissioned by the Small Spacecraft & Distributed Systems (SSDS, formerly Small
Spacecraft Technology (SST) program) capability within STMD in mid-2012 in response to the
rapid growth in interest in using small spacecraft for low-Earth orbit, low-cost missions.
The report was subsequently updated in 2015, 2018, 2020, 2021, 2022, 2023, 2024, and
2026 to capture SmallSat technology growth and maturation. In addition to reporting currently
available state-of-the-art technologies that have achieved Technology Readiness Level
(TRL) 5 or above, a prognosis is provided describing technologies as "on the horizon" if they
are being considered for future application.

1.2 Scope

The NASA-SmallSat era began at NASA Ames Research Center with the launch of Pioneer 10
and 11 in March 1972 and April 1973, respectively, where both spacecraft weighed < 600 kg. The
NASA SmallSat mission gained momentum when NASA initiated the Small Explorer (SMEX)
program in 1988 to encourage the development of small spacecraft with masses in the range of
~60-350kg to reduce cost. In 1998 NASA Ames focused its SmallSat program on lunar
exploration and launched Lunar Prospector (< 700 kg), followed by the Lunar Crater Observation
and Sensing Satellite (LCROSS), (< 630 kg) in 2009, and the Lunar Atmosphere and Dust
Environment Explorer (LADEE), (~380 kg) which was launched in September 2013. In late 2010,
NASA launched its first minisatellite called Fast, Affordable, Science and Technology Satellite
(FASTSAT), which had a launch mass ~180 kg. This decrease in spacecraft mass, reduced
overall cost, and increase in science capabilities ignited interest in miniaturization and maturity of
aerospace technologies which have proven to be capable of producing more complex missions
for less cost.

Early efforts for this report began in 2012, when the adoption of the Evolved Expendable Launch
Vehicle (EELV) Secondary Payload Adapter (ESPA) as a launch strategy for small spacecraft
became regular use. The ESPA provided a modular packaging approach for six payload slots of

1
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up to 180 kg mass allocation and was implemented by the U.S. Air Force for launching its
secondary payload. To supplement the rising small spacecraft awareness and cost-effective
launch mechanisms, this report focused on spacecraft technology where “180 kg mass limit”
served as a convenient metric to classify the maximum “SmallSat” mass. SmallSats are generally
categorized by their mass, and this report adopts the following five small spacecraft mass
categories (1):

* minisatellites are spacecraft with a total mass of 100 — 180 kg;
* microsatellites have a total spacecraft mass of 10-100 kg;

* nanosatellites have a total mass of 1 — 10 kg;

* picosatellites have a mass of 0.1 —1 kg; and

+ femtosatellites have a total spacecraft mass 0.01 — 0.09 kg.

Figure 1.1 offers examples of spacecraft categorized by mass. On the lower mass end, there are
projects such as KickSat-2, which deployed 100-centimeter (cm) scale “ChipSat” spacecraft, or
Sprites, from a 2U femtosatellite deployer in March 2019. These femtosatellite ChipSats are the
size of a large postage stamp and have a mass below 10 grams.

Green Propulsion Kestrel Eye 1 AeroCube
LADEE Infusion Mission OCSD-A P3 PocketQube ChipSat

SmallSat Classification Development and Miniaturization Trends

500*-180 kg 180-100 kg 100-10 kg 1-0.01 kg 0.01-0.09 kg

Small Spacecraft Minisatellite Microsatellite Nanosatellite Picosatellite = Femtosatellite

*Traditional SmallSat definition

Figure 1.1: Overview of small spacecraft categories. Credit: NASA, SpaceX, Redwire
Space, and Alba Orbital.

In 1999, a collaboration between California Polytechnic State University in San Luis Obispo and
Stanford University in Stanford, California, developed a small educational platform called a
"CubeSat" which was designed for academic space exploration and research. CubeSats are now
a common form of small spacecraft that can weigh only a few kilograms and are based on a form
factor of a 10 cm square cube, or unit (U) (1). While the original CubeSat was composed of a
single 1U cube, in 2014 the CubeSat form factor expanded to 6U, and it is now common to
combine multiple cubes to form larger units, as shown in Figure 1.3. These larger CubeSat sizes
have become more standardized and popular in the past few years as much more science can
be achieved at less cost with the additional volume, power, and overall increase in capability.
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It is common to interchange the terms “CubeSat” and “NanoSat” (short for nanosatellite) as the
original 1-3U CubeSat platforms fell under the nanosatellite category. Since the physical
expansion of CubeSats now goes beyond the 6U form factor, CubeSats fall into both nanosatellite
and microsatellite categories. Certain chapters of this report have a particular emphasis on
CubeSat platforms as nanosatellite applications have expanded in recent years.

24U-(48kg)

12U (24kg)

27U (54 kg)

6U (12kg)/

[ Minisatellite (100-180 kg) | /
= 90-100kg
g 80-90k
o = g
n‘? 70-80kg
—
D 60-70kg
o 50-60kg \
- I
o 40-50kg ,
] /!
o ’
o 30-40kg ,
(=)
= 20-30kg
(o] e
10-20kg -

[ Nanosateliite (1-10 kg) |

[ Picosatellite (0.01-1 kg) |

3U (6kg)

1U (2kg) 2U (4kg)

Figure 1.2: CubeSats are a class of nano- and microsatellites that use a standard size and
form factor. Nanosatellite sizes compared to CubeSat containerized sizes. Credit: NASA.

1.3

A central element of this report is to list state-of-the-
art technologies by NASA standard Technology
Readiness Level (TRL) as defined in NASA System
Engineering Handbook. The authors have
endeavored to independently verify the TRL value of
each technology by reviewing and citing published
test results or publicly available data to the best of
their ability. Where test results and data disagree
with vendors’ own advertised TRL, the authors have
attempted to engage the vendors to discuss the
discrepancy. Readers are strongly encouraged to
follow the references cited in the literature describing
the full performance range and capabilities of each
technology. Readers of this report should contact
individual companies to further clarify information. It
is important to note that this report takes a broad
system-level view. To attain a high TRL, the
subsystem must be in a flight-ready configuration
with all supporting infrastructure—such as mounting
points, power conversion, and control algorithms—in
an integrated unit.

Assessment

System test, launch,
and operations

System/subsystem
development

Technology
demonstration

Technology
development

Fesearch to prove
feasibility

Basic technology

research

Actual system TFlight proven” through successful
mission operations

Actual system completed and “flight qualified” through
test and demonstration (ground or flight)

System prototype demonstration in a
target/space environment

Systemy/subsystem model or prototype demonstration
in a relevant environment (ground or space)

Componeant and/or breadboard validation in relevant
envircnment

Companent andfor breadboard validation in laboratory
environment

Analytical and experimental critical function and/or
characteristic proof-of-concept

Technology concept andfor application formulated

Basic principles observed and reported

Figure 1

.3: NASA’s standard Technology

Readiness Level scale. Credit: NASA.
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While “state-of-the-art” may be defined as the most recent development stage of technology, this
report defines “state-of-the-art” in the context of NASA’s TRL scale (Figure 1.3) when assessing
SmallSat technology. A technology may be deemed state-of-the-art whenever its TRL is larger
than or equal to 5. A TRL of 5 indicates that the component and/or brassboard with realistic
support elements was built and operated for validation in a relevant environment to demonstrate
overall performance in critical areas. Success criteria include documented test performance
demonstrating agreement with analytical predictions and documented definition of scaling
requirements. Performance predictions are made for subsequent development phases (2).

An accurate TRL assessment requires a high degree of technical knowledge on a subject device,
and an in-depth understanding of the mission (including interfaces and environment) on which
the device was flown. TRL values vary depending on design factors for a specific technology. For
example, differences in TRL assessment based on the operating environment may result from
mechanical loads, mission duration, the thermal environment, or radiation exposure. The authors
believe TRLs are most accurately determined when assessed within the context of a program’s
unique requirements. If a technology has flown on a mission without success, or without providing
valid confirmation to the operator, such claimed “flight heritage” is discounted. Some older
technologies may still be well suited to certain mission needs and still be regarded as “state-of-
the-art.” For a technology to be considered obsolete, “retired”, or no longer “state-of-the-art”, it's
performance must have been surpassed by newer technology such that it is no longer used.

While a technology with a TRL value lower than or equal to 4 may not be state of the art, in some
cases these technologies may considered “on the horizon.” A TRL of 4 is defined as a component
and/or breadboard validated in a laboratory environment with documented test performance
demonstrating agreement with analytical predictions and a documented definition of the relevant
environment. These promising technologies may soon be considered state-of-the-art for small
spacecraft.

NASA standard TRL requirements for this report edition are stated in NPR 7123.1D, Appendix E,
which is effective through July 05, 2028. The criteria for selection of appropriate TRL are
described in the NASA Systems Engineering Handbook 6105 Rev 2 Appendix G: Technology
Assessment/Insertion. Please refer to the NASA Online Directives Information System
(NODIS) website https://nodis3.gsfc.nasa.gov/ for NPR documentation. The following paragraphs
in sections 1.3.1 and 1.3.2 of this Introduction are excerpts from the NASA Engineering Handbook
6105 Rev 2 (pp. 252 — 254). They highlight important aspects of NASA TRL guidelines in hopes
of eliminating confusion on terminology and heritage systems.

1.3.1 Terminology

“At first glance, the TRL descriptions in Figure 1.3 appear to be straightforward. Itis in the process
of trying to assign levels that problems arise. A primary cause of difficulty is in terminology, e.g.,
everyone knows what a breadboard is, but not everyone has the same definition. Also, what is a
“relevant environment?” What is relevant to one application may or may not be relevant to another.
Many of these terms originated in various branches of engineering and had, at the time, very
specific meanings to that particular field. They have since become commonly used throughout
the engineering field and often acquire differences in meaning from discipline to discipline, some
differences subtle, some not so subtle. “Breadboard,” for example, comes from electrical
engineering where the original use referred to checking out the functional design of an electrical
circuit by populating a “breadboard” with components to verify that the design operated as
anticipated. Other terms come from mechanical engineering, referring primarily to units that are
subjected to different levels of stress under testing, e.g., qualification, protoflight, and flight units.
The first step in developing a uniform TRL assessment (see Figure 1.4) is to define the terms




National Aeronautics and Space Administration

Has an identical unit been successfully YES
operated/launched in identical
configuration/environment?

¢NO
Has an identical unit in a different configuration/
system architecture been successfully operated
in space or the target environment or launched?

If so, then this initially drops to TRL 5 until
differences are evaluated.

¢N0

Has an identical unit been flight qualified but | ygs
not yet operated in space or the target
environment or launched?

¢N0

Has a prototype unit (or one similar enough to be YES
considered a prototype) been successfully operated
in space or the target environment or launched?

¢NO
Has a prototype unit (or one similar enough | ygc

to be considered a prototype) been
demonstrated in a relevant environment?

¢NO

Has a breadboard unit been demonstrated in | YES
arelevant environment?

¢NO

Has a breadboard unit been demonstrated in | YES
a laboratory environment?

¢N0

Has analytical and experimental YES
proof-of-concept been demonstrated?

¢N0

Has concept or application YES
been formulated?

¢NO

Have basic principles been observed YES
and reported?

NO
v

RETHINK POSITION REGARDING
THIS TECHNOLOGY!

Figure 1.4: Technology Maturity Assessment

thought process. Credit: NASA.

:

TRLS

TRLS8

TRL7

TRL6

TRLS

TRL4

used. It is extremely important to develop
and use a consistent set of definitions over
the course of the program/project.”

1.3.2 Heritage Systems

“Note the second box particularly refers to
heritage systems (Figure 1.4). If the
architecture and the environment have
changed, then the TRL decreases to TRL
5—at least initially. Additional testing may
need to be done for heritage systems for the
new use or new environment. If in
subsequent analysis the new environment
is sufficiently close to the old environment
or the new architecture is sufficiently close
to the old architecture, then the resulting
evaluation could be TRL 6 or 7, but the most
important thing to realize is that it is no
longer at TRL 9. Applying this process at
the system level and then proceeding to
lower levels of subsystems and
components identifies those elements that
require development and sets the stage for
the subsequent phase, determining the new
TRL.”

References

(1) NASA. What are SmallSats and

CubeSats? February 26, 2015. Revised

August 6, 2017.
https://www.nasa.gov/content/what-are-
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2.0 Complete Spacecraft Platforms

2.1 Introduction

Small spacecraft continue to enable a broad range of science missions, technology
demonstrations, and operational services. Regardless of mission type, each spacecraft relies on
a bus, which provides essential services to the payload. These services typically include power
generation and storage, thermal control, attitude determination and control, navigation and timing,
communications, propulsion, and command and data handling. While this report examines the
state of the art for individual subsystems, this chapter focuses on complete, readily available
spacecraft platforms that practitioners can procure or access as services.

To reflect how teams make acquisition decisions, the chapter is organized into two main
categories: hosted orbital services and spacecraft bus procurement. Hosted orbital services offer
end-to-end mission support by integrating customer payloads onto provider-managed spacecraft
and conducting system-level integration, test, commissioning, and operations. Spacecraft bus
procurement focuses on purchasing a flight-proven or development-stage bus and, depending on
the provider, optionally leveraging their system-level integration and test support while the
customer leads mission operations. The procurement section is further subdivided by platform
class: PocketQube, CubeSat, and ESPA-class.

Procuring a complete platform—whether as a hosted service or as a bus—can reduce technical
and programmatic risk by leveraging proven hardware and established processes. It does not
eliminate the need for mission-level trades and responsibilities, which typically include payload-
to-bus interface definition and verification, environmental qualification, regulatory and spectrum
licensing, concept of operations development, commissioning, and on-orbit data handling. Hosted
services can shift many of these responsibilities to the provider, allowing investigators to focus on
payload development and data ground processing; purchasing a bus can provide greater control
over mission tailoring and operations, at the cost of increased integration effort.

Inclusion in this chapter is non-exhaustive and intended as a snapshot of the market as of January
2026; offerings evolve rapidly, and readers should confirm details directly with providers.

To use this chapter, start by clarifying your mission needs and payload envelope (mass, volume,
power). If you seek end-to-end support and faster access to space, review hosted orbital services
first. If you plan to own and operate the spacecraft, proceed to the bus procurement section,
selecting among PocketQube, CubeSat, and ESPA-class platforms based on size and capability.
Each subsection includes summary tables to help compare offerings, and Section 2.4 outlines
systems engineering considerations and links to relevant guidance documents for the
development of small spacecraft.

2.2 State-of-the-Art — Spacecraft Platforms
2.2.1 Hosted Orbital Services

Hosted orbital services provide end-to-end mission support by integrating customer payloads onto
provider-managed spacecraft and conducting system-level integration and test, launch
accommodations, commissioning, and on-orbit operations with data return. Providers differ in
vehicle type, business model, and the degree of transparency and control they offer to customers,
but the common objective is to reduce barriers to flight and streamline the path from payload
development to scientifically or operationally useful data. This section focuses on hosted orbital
services using small spacecraft platforms; other space-based hosting opportunities—such as
hosting on the International Space Station, on launch vehicle structures, or on returnable
capsules—exist but are beyond the scope of this chapter. Hosted orbital services can be
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implemented in several ways. The choice among these models depends on payload needs,
desired control and customization, as well as schedule, and budget.

o Dedicated spacecraft: a single customer’s payload flies on its own spacecraft, with the
full bus resources reserved for that mission.

¢ Shared hosted capacity on provider missions: unused mass, power, and data margins
on the provider's internally funded mission are allocated to one or more customer
payloads.

¢ Multi-payload missions: multiple customer payloads share a single spacecraft bus with
partitioned resources and interfaces.

¢ Virtual or software-only hosting: payload functionality is implemented as software on
an existing spacecraft, leveraging onboard processing and data links without dedicated
hardware.

The benefits of hosted orbital services are centered on speed, cost, risk reduction, flexibility, and
focus. Standardized interfaces and recurring flight campaigns can shorten the timeline from
payload delivery to on-orbit operations, accelerating technology maturation and science return.
Shared spacecraft resources and established processes reduce non-recurring engineering and
programmatic overhead relative to building and launching a bespoke spacecraft. Providers
typically leverage flight-proven buses, deployers, ground networks, and mission assurance
practices, which can improve the probability of mission success. Services can be tailored to
payload needs and scaled across flights or constellations, allowing adjustments to bandwidth,
coverage, and mission duration as needed. Importantly, hosted services enable investigators to
concentrate on instrument development and data ground processing while the provider handles
spacecraft integration, commissioning, and routine operations.

Although offerings vary, hosted orbital services generally articulate clear payload acceptance
envelopes and interface requirements. Customers should expect specifications for mass, volume,
mounting constraints, keep-out zones, and center-of-gravity limits; power budgets, including
average and peak draw, duty cycles, inrush limits, and electrical interfaces; thermal interfaces,
allowable temperature ranges, and heat rejection capability; data interfaces, protocols, expected
throughput, onboard storage, and downlink schedules; and attitude determination and control
performance available to the payload, including pointing knowledge, control/accuracy, and
stability/jitter. Providers typically define environmental qualification expectations (random
vibration, shock, thermal vacuum, electromagnetic compatibility/interference), radiation
environment assumptions and component-level tolerance, and software integration approaches,
including flight software architectures, command/telemetry schemas, and on-orbit authority.
Ground segment provisions—data formats, latency, delivery mechanisms, security measures,
and archiving—are also defined as part of the interface.

Several considerations warrant careful attention during selection and contracting. Data rights and
access should be explicitly defined, including ownership, latency, formats, and any restrictions on
redistribution or publication. Operational authority and autonomy must be clear: who can
command payload modes, update software, and respond to anomalies on orbit, and what
safeguards or approval workflows apply. Regulatory and licensing responsibilities—such as
spectrum coordination and remote sensing approvals—require planning; customers should
confirm what support the provider offers and which tasks remain with the payload team.
Cybersecurity posture across command and data links and ground systems should address
authentication, encryption, monitoring, and incident response. In multi-payload missions,
resource partitioning and contention management are central to predictable operations;
customers should understand how power, data, pointing, and schedules are allocated and
prioritized. Lead times and manifests must be realistic, and should include contingency plans for
integration delays or launch slips. Mission assurance practices and flight heritage should be
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reviewed for relevance to the target orbit and environment, while end-of-life planning should
ensure deorbit or passivation meets applicable guidelines. Finally, export controls may affect
certain providers or payload components; early planning for compliance can help mitigate delays.

To compare hosted orbital services effectively, customers can frame their selection around
mission outcomes and constraints. Begin with the target orbit, coverage, and revisit rates the
provider can offer, and assess whether these meet science or operational objectives. Examine
payload envelopes—mass, volume, power, and thermal—and verify interface compatibility
against provider standards. Evaluate the attitude control performance available to the payload
and the vibration/jitter environment relative to pointing or imaging requirements. Communications
capacity, downlink latency, and ground network architecture should align with data volumes and
cadence; confirm that onboard storage and scheduling flexibility support high-duty-cycle
payloads. Propulsion capabilities, if relevant, should cover orbit changes, collision avoidance, and
disposal. Flight heritage and reliability metrics provide insight into expected performance;
preference may be given to providers with demonstrated performance in similar missions.
Integration and test services, facilities, and verification approaches should be commensurate with
payload complexity, and data services—including processing, storage, and delivery guarantees—
should meet analysis workflows. Regulatory and licensing support, cybersecurity features,
schedule and production cadence, and cost structure (including any per-bit or per-pass fees)
round out the comparison. Terms governing data rights, on-orbit authority, and change control
should be negotiated early and documented.

Procurement of hosted orbital services typically proceeds through commercial agreements that
include a statement of work, interface control documents, verification and validation plans,
acceptance test procedures, project lifecycle reviews, and service-level agreements for
operations and data delivery. Clear definition of deliverables and decision gates—such as project
lifecycle review entrance/exit criteria, payload acceptance review, environmental test reports,
mission operations plan, commissioning report, and data handover specifications—helps reduce
ambiguity. Roles and responsibilities for licensing, launch integration, anomaly response, and
end-of-life disposition should be explicitly assigned. If you intend to use government procurement
mechanisms or programs, confirm current eligibility, terms, and contracting pathways through
official documentation and appropriate contracting office.

Not all hosted service providers sell their spacecraft buses. If owning the bus is required, refer to
the Spacecraft Bus Procurement section of this chapter. Offerings evolve rapidly; treat provider
lists and capabilities as a snapshot as of January 2026 and confirm details directly with providers.
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Table 2-1: Hosted Orbital Service Providers
(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within
the Hosted Orbital Services category)

Peak

3-0 Pointing

Organization FI;I:‘:?:;; Power Control/ Destination O:"jfﬁ:e
(W) Knowledge
2NDSpace '"aly CubeSat >100 0.1°/0.02° VLEO, LEO, MEO No
AAC Clyde Space Sweden | CubeSat 400 | <0.01°/<0.0075° LEO Yes
Aerospacelab Belgium ESPA 300 | <0.005°/ <0.005° LEO, GEO Yes
Alba Orbital YX PocketQube 15 5°/2° LEO Yes
Alén Space Spain CubeSat 180 0.2°/0.1° LEO No
Apex USA ESPA 4,000 | 0.005°/0.0025° LEO, MEO, GEO Yes
Argotec " ESPA | 440 | <0.01°<0.008° | -EO’ MEgp’a%EO’ Deep | ves
Artemis Space o o LEO, MEO, GEO, Lunar
Technologies YK ESPA 1,500 0.01%/0.01 and Deep Space No
Astranis Space o o
Technologies Corp. USA ESPA 300 <0.1°/ <0.09 GEO Yes
Astro Digital YSA ESPA 3,000 | <0.03°/<0.02° LEOQ, GTO, GEO Yes
Axelspace Japan ESPA 1,800 | <0.05° <0.04° LEO No
LEO, MEO, GEO
USA o o ’ ) ’
BAE Systems SMS ESPA 2,500 | <0.006°/<0.003 Cislunar, Deep Space Yes
Berlin Space ESPA | 2,500 |<0.017°/<0.017° LEO Yes
Technologies “emany
Blue Canyon o o
Technologies UsA ESPA 1,082 0.002°/0.002 LEO, GEO, Deep Space Yes
C3S Electronics CubeSat | 505 0.4°/ 0.6° LEO, MEO No
Development Hungary
CesiumAstro YsA ESPA 4,500 <0.1°/<0.01° LEO Yes
LEO, MEO, GEO, Lunar
Poland o o ) ) ’ y
CREOTECH ESPA 600 <0.02°/< 0.015 Deep Space No
D-Orbit 'aly ESPA 300 0.1°/0.05° LEO No
D-Orbit YUsA ESPA 2,000 0.1°/0.05° LEO, GEO Yes
EnduroSat Bulgaria ESPA 6,800 0.1°/0.006° LEO Yes
Exobotics Uk ESPA | 3600 | 0.4%0008° | LEOMED HEO,GEO 1y,
FOSSA Systems Spain CubeSat 60 <0.1°/<0.1° LEO No
Serman Ot CubeSat | 150 <1°/< 1° LEO No
ystems ermany
LEO, MEO, GEO, Lunar
D k o o ’ ’ ’ ’
GomSpace Penmarl CubeSat 150 0.070°/ 0.056 Deep Space Yes
Harpy Aerospace ndia ESPA 2,100 0.35°/0.35° LEO, GEO, Lunar, ISS Yes
Hemeria France ESPA 250 <0.03°/<0.01° LEOQ, GTO, GEO No
HEX2Q India CubeSat 150 0.008°/ 0.008° LEO, MEO, Lunar Yes
Hydra Space Systems | ipesat | 30 <1e/< 1° LEO No
Innova Space Argentina CubeSat 4 <15°/< 15° LEO Yes
Loft Orbital YSA ESPA 4,000 <0.01°/<0.007° LEO Yes
Magellan Aerospace | gspa | 200 | 0.01°0.01° LEO No
Malin Science Space | ggpa | 918 | <0.015%<0.015° Mars Yes
Systems
LEO, MEO, GEO, Lunar
USA o o ’ ) H El
Momentus Space ESPA 3,000 0.008°/ 0.008 Deep Space Yes
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Table 2-1: Hosted Orbital Service Providers
(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within
the Hosted Orbital Services category)
o Largest Peak | 3-o0 Pointing o US
Organization P Power Control/ Destination -
atform Office
(W) Knowledge
Moog YsA ESPA 2,000 | <0.050°/<0.033° LEO, GEO Yes
Muon Space YsA ESPA 4,000 0.01°/0.004° LEO Yes
NanoAvionics Lithuania ESPA 378 0.15°/0.03° LEO Yes
Nara Space South Korea CubeSat 120 0.05°/ 0.03° LEO No
NearSpace Launch YSA | CubeSat 160 0.5°/0.2° LEO Yes
Northrop Grumman YSA ESPA 420 <4°/<1° LEO Yes
NovaWurks YSA ESPA >5,000 | 0.002°/0.0004° LEO, GEO, xGEO Yes
NPC SPACEMIND 'taly CubeSat 100 <0.1°/<0.1° LEO, MEO Yes
OHB LuxSpace ESPA | 600 | <0.022°/0.01° LEO No
OHB Sweden Sweden ESPA 1,500 0.008°/ 0.008° LEO, MEO No
Orbital Astronautics U< | ESPA | 5,000 | <0.05°/<0.01° | -EO MESOp’a%eEO’ Deep | No
orion Space CubeSat | 400 <1%<1°  |VLEO, LEO, GEO, Lunar|  Yes
olutions
Pumpkin Space YSA CubeSat 400 0.05°/<0.05° LEO, Lunar Yes
Quantum Space UsA ESPA 400 | 0.006°0.006° | LEO:GEO,Cislunar, Yes
Lunar, Deep Space
Quub, Inc.YSA CubeSat 50 5°/2° LEO, Lunar Yes
Redwire Space UsA ESPA 500 | 0.005°/0.0017° | LEOQ.MEO, GEOand Yes
Deep Space
Reflex Aerospace ° o
Germany P ESPA 3,000 | <0.01°/<0.005 LEO No
SatRey Poland CubeSat 150 1°/1° LEO No
SFL Missions Inc.Canada ESPA 1,500 0.009°/0.004° LEO, GEO, Lunar No
Sierra Space YsA ESPA 500 0.001°/ <0.001° LEO, MEO, GEO Yes
SITAEL 'aly ESPA 2,000 | 0.0017°/0.001° LEO No
Soufhwost Research | EsPA | 15550 | 0.015%0.002° LEO, GEO Yes
Space Dynamics o o LEO, GEO, GTO,
Laboratory YsA ESPA 2,000 0.021%/0.021 Cislunar, Deep Space Yes
Space Inventor Penmark ESPA 1,500 | <0.008°/<0.008° | LEO, GEO, MEO, Lunar No
Spacemanic Czech Republic | CybeSat 216 1°/0.5° LEO, MEO, GEO, Lunar No
Spire Global YSA CubeSat 300 0.1°/0.05° LEO Yes
surrey Satelite ESPA | 2,000 | <0.01°/<0.01° |LEO, MEO, GEO, Lunar| No
Technology Ltd.
Terran Orbital USA ESPA 1,500 0.014°/0.002° LEO, GEO, Lunar Yes
U-Space France ESPA 250 0.007°/0.005° LEO No
Varda Spaucsej\ Industries ESPA 500 2 95°/ 0.40° LEOR\:wth Re-entry Yes
ecovery
York Space Systems | Egpa | 2200 | 0.00270.0004° |  LEO, GEO, Lunar Yes

2.2.2 Spacecraft Bus Procurement

The SmallSat market includes providers of complete spacecraft bus solutions, encompassing
system-level integration and test (I&T) and operations capabilities. Providers that deliver end-to-
end services are addressed in Section 2.2.1. The providers profiled here offer bus procurement

10
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and possibly provide system-level I&T. Readers should use this document to narrow candidate
options; refer to Table 2-9 for providers websites and contact information.

2.2.2.1 PocketQub
ocketQubes }‘7 cem

PocketQubes are very small satellites built
around a 5 cm cube unit, denoted “P.” A 1P
spacecraft occupies a single 5 cm cube, and
larger configurations combine units (for sem lP
example, 2P, 3P, and beyond where deployers —

permit). Figure 2.3 illustrates the standard
dimensions of a 1P unit, providing a visual 7
reference for the geometry used across
PocketQube designs. Figure 2.5 shows an
example of a PocketQube. The PocketQube
ecosystem has matured in recent years, and
multiple providers offer off-the-shelf buses
that integrate power, command and data
handling, communications, and basic attitude
sensing within extremely constrained mass
and volume envelopes. These platforms are
well suited to tightly focused technology
demonstrations and compact instruments that
can tolerate limited power and modest attitude
control.

Selecting a PocketQube bus centers on a
clear understanding of payload constraints
and mission requirements. Mechanical
considerations include strict keep-out zones,
mounting features compatible with the chosen
deployer, and center-of-gravity placement to
meet deployment requirements. Figure 2.4
shows PocketQubes and deployers for integration. Electrical power budgets are typically low, with
tight limits on average and peak draw, duty cycles, and inrush currents; payload modes must align
with available storage and generation. Communication subsystems generally offer lower data
rates relative to larger classes, so data volume, latency, and downlink scheduling should be
planned accordingly. Attitude determination and control capabilities vary, but pointing
performance is often limited by scale; payloads that demand fine pointing or low jitter may require
tailored solutions or selection of a larger platform class.
Environmental qualification—random vibration, shock, thermal
vacuum, and electromagnetic compatibility—should match the
launch and orbit, and radiation tolerance assumptions should be
confirmed with the provider.

Figure 2.4: Alba Orbital Integration of
PocketQubes into the Deployers. Credit:
Alba Orbital.

PocketQube deployers define the mechanical interface and
envelope for flight. While a typical deployer accommodates up to
3P, larger systems may exist; specific dimensions, clamp
features, and external volume allowances are determined by the
deployer and launch integration configuration. As shown in Figure
2.4, understanding the deployer integration early helps ensure
mechanical compatibility and proper verification of separation
mechanisms. Prospective buyers should coordinate with their

Figure 2.5: Hydra Space
Systems PocketQube.
Credit: ~ Hydra  Space
Systems.

11
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sponsoring organization or launch provider to identify the deployer that will be used and verify bus
compatibility. The summary table in this subsection lists representative PocketQube buses,
including power availability, communications options, and any optional integration services.

Table 2-2: PocketQubes Market Solutions
(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities
within the PocketQube category)
o Peak |3-0 Pointing| o Intended . us
Organization Power | Control/ . . Maturity -
Options |Destination Office
(W) Knowledge
Alba Orbital YX 15 5°/2° UHF, S LEO Flown LEO Yes
DIYSATELLITE Aentna | g <gej<se | VHFE, UHF, | LEO, GEO, | 100 1E0 | No
SHF Lunar
FOSSA Systems Spain 10 <5°/<5° UHF, S LEO Flown LEO No
Hydra Spgpzﬁ Systems 8 5°/5° VHF, UHF LEO Flown LEO No
Innova Space Awenina | 3.9 | NAMagnetic) e LEO Flown LEO | Yes
assive
Quub, Inc. UsA 26 5°/2° UHF, S LEO, Lunar Flown LEO Yes

2.2.2.2 CubeSats

CubeSats are modular small satellites built from 10 cm cube units, denoted “U.” The standard—
originally developed to facilitate access to space for educational missions and now widely
adopted—supports a range of sizes from sub-unit form factors up to multi-unit configurations (e.g.,
from sub-1U form factors up to 27U-class configurations). The market offers a broad spectrum of

e

eSat s,oaccraft,
(top right) 12U CAPSTONE spacecraft, (lower left) 3U CLICK spacecraft,
(lower right) 6U PTD-3 spacecraft. Credits: NASA and Terrain Orbital.

CubeSat buses spanning basic platforms for rapid technology demonstrations to highly capable
systems with precise pointing, increased power generation, redundant subsystems, and

12
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integrated propulsion. Examples of flown CubeSats at
multiple sizes are shown in Figure 2.6, illustrating the
diversity of implementations. '

Selecting a CubeSat bus typically begins by mapping
mission requirements to size and capability. Smaller
buses (e.g., 1U-3U) often suit low-power payloads
and missions with relaxed pointing or data demands,
while mid-size platforms (e.g., 6U) provide more power
and volume, enabling more capable ADCS, Figure 2.7: Examples of a 6U and
communications, and propulsion subsystems. Larger 16U CubeSat. Credit: Spire Global.
configurations (e.g., 12U, 16U and above) support
higher duty cycles, larger instruments, and more
stringent pointing and stability requirements. Figure
2.7 provides visual examples of 6U and 16U CubeSat
form factors. Across sizes, common trade factors
include average and peak power availability, battery
capacity and array configuration, ADCS performance
(pointing accuracy, knowledge, stability, and jitter),
communications bands and data rates, onboard
storage, and optional propulsion (including propellant
type and expected delta-V). Heritage in similar orbits
and environments and the provider’s test and quality
practices are important indicators of reliability.

AR

Mechanical interface compliance is fundamental.
CubeSat deployers enforce strict keep-out zones,
surface features, and load paths. Two primary
interface families are in use: classic corner rails and
tab-based systems (clamped and unclamped
variants). Most bus providers offer .adaptations't'o CubeSat deployers in between the
support both, but buyers should verify the specific 5.5, crew Vehicle and the Interim
deployer used by their launch provider and ensure the  ¢ryogenic Propulsion Stage (ICPS);
bus meets the corresponding mechanical and  (lower) NASA Nodes mission
environmental requirements. Differences in deployer deployment from ISS. Credit: NASA.
location on the launch vehicle can affect shock,

vibration, and thermal environments; qualification plans should account for these conditions.
Figure 2.8 illustrates this variability, showing the location of Artemis CubeSat deployers between
the Orion Crew Vehicle and the Interim Cryogenic Propulsion Stage (left), and the NASA Nodes
mission deployment from the International Space Station (right). Payload teams should also
confirm electrical interfaces and protocols, data handling and downlink scheduling, and any
software integration requirements, including flight software hooks and command/telemetry
schemas.

Figure 2.8: (top) Location of Artemis

This report organizes CubeSat buses by size to streamline comparison. The summary tables for
0.25U-3U, 6U, 12U, and 16U+ list representative platforms. Offerings evolve quickly; readers
should treat the tables as a starting point and engage providers to obtain current details.

13
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Table 2-3: 0.25U-3U Market Solutions

(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the
0.25U-3U category)

Peak

3-0 Pointing

Organization Power Control/ °°T“"‘ Inte_nde_d Maturity U.S
Options | Destination Office
(W) Knowledge
2NDSpace a1 >100 0.100.02° | VHF UHF, S| VLEO,LEO, | 100 1E0 | No
X MEO
AAC Clyde Space Svesen | 90 <0.19<0.010 | VAR UHE S o Flown LEO | Yes
Flown LEO
Blue Canyon o o LEO, GEO, | Qualified GEO
Technologies YSA 21 0.003°/0.003 LS, X Deep Space and Deep Yes
Space
Deimos Space Spain 35 0.2°/0.2° UHF, X LEO Flown LEO No
EnduroSat Bulgaria 84 <1°/<0.6° UHF, S, X LEO Flown LEO Yes
Exobotics U 75 017005 | VAR UHRS I gg Under No
X Development
FOSSA Systems Seain 30 1°/1° UHF, S LEO Flown LEO No
German Orbital Systems | 55 <19/<1e UHF, \)QHF’ S| Leo Flown LEO | No
GomSpace Penmark 35 0.139°/0.056° S, X LEO Flown LEO Yes
Gran Systems Taiwan 50 2°/ 2° VHF, UHF, S LEO Flown LEO | Yes
GUMUSH AeroSpace 80 <rr<0.e VAR UARS 1 go Flown LEO | No
Harpy Aerospace e 79 <01°/<0.01° | VHF, UHF, S, [ LEO, GEO, | Qualified LEO |
X Lunar and Lunar
HEX2( India 30 0.003°/0.003° | VHF, UHF, S LEO Flown LEO Yes
Hydra Space Systems o] 40 VHF, UHF, Under
Spain 30 <17 <1 Ka LEO Development No
Innova Space Argentina 7.5 <15°/<15° UHF LEO Flown LEO Yes
ISISPACE The Netherlands 50 <15°/<15° VHF, UHF, S LEO Flown LEO No
NanoAvionics Lithuania 175 13.20°/12.93° UHF, S, X LEO Flown LEO Yes
NearSpace Launch YSA 100 0.5°/0.2° L, UHF, S, X | VLEO, LEO Flown LEO Yes
LEO, MEO Flown LEO
Ital o o El il
NPC SPACEMIND 'taly 51.6 <0.1°/<0.1 UHF, S, X, Ka GEO, Lunar and MEO Yes
S X K Ka Flown LEO
Orbital Astronautics UK 400 0.1°/0.01° A LEO, MEO |Qualified MEO| No
Optical
and GEO
Orion Space Solutions YSA 8 1°/1° L, S, X LEO Qualified LEO | Yes
Pumpkin Space Systems | 5, 0.05°/<0.05° |UHF,S, X, Ka| LEO Flown LEO | Yes
Quub, Inc. YsA 44 5°/2° UHF, S LEO, Lunar Flown LEO Yes
SatRev Poland 150 0.01°/0.01° UHF, S, X LEO Flown LEO No
Flown LEO
SFL Missions Inc. ©n=és | 100 | 0.009°/0.004° |UHF, S, X, Ka| “EO SFO | qualified GEO |  No
and Lunar
Space Inventor Pemark | 100 001°/001c | VAR UHES 1 o Flown LEO | No
Spacemanic CzschRepwic | 48 1°/0.5° VHF, UHF, s | "2 C59 | FownLEO | No
U-Space France 35 10°/10° S, X LEO Flown LEO No
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Table 2-4: 6U Market Solutions

(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the

6U category)

Peak

3-0 Pointing

Organization | Power Control/ |Comm Options Inte_nde_d Maturity U.S
(W) Knowledge Destination Office
ONDSpace ™ | >100 | 0.1°/0.02° | VHF, UHF, S, X VLE,\?I’E('SEO’ Flown LEO No
Sﬁggecs'xg; 150 | <0.1°<0.01° | VHF, UHF, S, X LEO Flown LEO Yes
Argotec 'taly 80 <0.02°/<0.01° UHF, S, X Deep Space | Flown Deep Space Yes
Astro Digital YSA | 240 <0.1°/<0.05° UHF, S, X, Ka LEO Flown LEO Yes
Blue Canyon LEO. GEO Flown LEO and Lunar
Technologies 108 0.003°/0.003° L, S, X Dee ’S acé Qualified GEO and Yes
USA b =P Deep Space
Deimos Space | 4 0.05°/0.05° UHF, S, X LEO Under Development | No
EnduroSat Bueara| 172 | 0.08°0.04° UHF, S, X LEO Flown LEO Yes
Exobotics € | 400 | 0.1°0.008° VHFb%';i'EéIS’ X, LEO Flown LEO No
Sy;gfiiépam 60 | <0.19/<0.1° UHF, S LEO Under Development | No
g}?srt”;;”sggﬂfy' 70 <19/<1e UHF, VHF, S, X LEO Flown LEO No
GomSpace o o LEO, Deep | Flown LEO and Deep
mepa 103 | 0.070°/0.056 S, X Space Space Yes
Aesgxgsﬂufkey 160 <0.1°/<0.05° | VHF, UHF, §, X LEO Under Development No
Aerogs;@é wqa | 160 | <0.1°/<0.01° | VHF, UHF, S, X LEO Qualified LEO Yes
HEX20e | 100 | 0.003%0.003° | UHF,S,X | "D MEO | ynder Development | ves
ISISPACE The s Flown LEO
SPACE 100 | <0.3°/<0.3 UHF, S, X | LEO,Lunar | o ueed for Lunar | O
NanoAvionics | 475 | 0 189/0.12° UHF, S, X LEO Flown LEO Yes
South
Nara Space 120 | 0.05°/0.03° | VHF,UHF,S LEO Flown LEO No
t‘:j;iﬁ%ﬁf 160 0.5°/0.2° L, UHF, S, X LEO Flown LEO Yes
NPC o LEO, MEO,
SPACEMIND tay| 852 | <0.1°/<0.1 UHF. S, X, Ka | GES | unar Flown LEO Yes
. Flown LEO
Astrglr::fﬁ(':s s | 1,000 | 0.1°0.01° S, éﬁtﬁalfa’ LEO, MEO | Qualified MEO and | No
GEO
oronSpace |15 1°/1° L, S, X LEO Flown LEO Yes
Pumpkin Space | 545 | 0.050<0.05° | UHF,S,X,Ka | LEO, Lunar Flown LEO Yes
USA Qualified Lunar
Quub, Inc.UsA 50 5°/2° UHF, S, Ku LEO, Lunar | Under Development | Yes
SatRevPoend | 150 | 0.01°/0.01° UHF, S, X LEO Flown LEO No
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Table 2-4: 6U Market Solutions

(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the

6U category)

Peak | 3-o Pointing
.y . Intended . us
Organization |[Power| Control/ |Comm Options . Maturity -
Destination Office
(W) | Knowledge
Space LEO, GEO, Flown LEO
Dynamics 400 | 0.021°/0.021° | UHF, S, X, Ka C.GTO’ Qualified GEO, GTO, | o
USA islunar, Lunar and Deep
Laboratory
Deep Space Space
. Flown LEO
SFLMissions | 545 | 0.009°/0.004° | UHF, s, X, Ka | “E9 CEO. | qualified GEOand | No
Inc. Lunar Lunar
Space Inventor | 5, | <0.008%<0.008 | e ypE s, X LEO Flown LEO No
Spacemanic | 43, 10/0.5° VHF, UHF, S, X "Ea;rg'fo' Qualified LEO No
Terran Orbital | 43 | 0,0219/0.007° UHF, S, X "E&rg'fo' Flown LEO and Lunar| Yes
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Table 2-5: 12U Market Solutions
(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the 12U
category)
s Peak | 3-0 Pointing Comm Intended . Us
Organization Power Control/ . . Maturity -
Options Destination Office
(W) Knowledge
2NDSpace "a >100 | 0.1°0.02° |VHF, UHF, S, x| VO HEO | Fiown LEO No
VHF, UHF, S,
AAC Clyde Space Sweden 400 |<0.01°/<0.0075°| X, K, Ka, Ku, LEO Qualified LEO Yes
Optical
Argotec 'taly 100 <0.02°/<0.01° UHF, S, X LEO Under Development | Yes
Flown LEO and
Blue Canyon Technologies R o LEO, GEO, GEO
USA 108 0.002°/0.002 L, S, X Deep Space Qualified Deep Yes
Space
EnduroSat Bugara 346 | ooso0.040 | USX LEO Flown LEO Yes
. VHF, UHF, S, | LEO, HEO Flown LEO and
UK o o ’ ’ ’ ’ ’
Exobotics 400 0.1°/ 0.008 X, Optical Lunar HEO No
German OGZE:RI Systems 144 <0.1°/<0.1° UHF, VHF, S, X LEO Qualified LEO No
GomSpace Penmark 108 0.070°/0.056° S, X LEO Flown LEO Yes
GUMUSH AeroSpace Tukey | 240 <0.05°/<0.05° |VHF, UHF, S, X LEO Under Development | No
VHF, UHF, S,
Harpy Aerospace 'ndia 420 <0.1°/<0.01° X, K, Ka, Ku, LEO Qualified LEO Yes
Optical
HEX20 India 125 | 0:008°/0.0087 | UHF, S, X, | LEO, MEO, | ) 4er pevelopment | Yes
Optical Lunar
ISISPACE The Netherlands 190 <0.03°/<0.03° | UHF, S, X, Ka LEO Under Development | No
NanoAvionics Lithuania 175 0.18°/0.09° UHF, S, X LEO Flown LEO Yes
Nara Space South Korea 120 0.05°/0.03° S, X LEO Qualified LEO No
NearSpace Launch USA 500 0.5°/0.2° L, UHF, S, X LEO, MEO | Under Development| Yes
NPC SPACEMIND "a 9% | <0.19<0.1° | UHF,S,X Ka | KEQ»MEO, Flown LEO Yes
GEOQO, Lunar
Flown LEO
Orbital Astronautics U< | 2,000 | 0.052/0.01° | S X K. Ka, | LEO, MEO, | & oified MEO and | No
Optical GEO GEO
Orion Space Solutions YSA 40 <1°/<1° L, S, X, Ka LEO, GEO Flown LEO Yes
Pumpkin Space YSA 400 0.05°/<0.05° UHF, S, X, Ka | LEO, Lunar Qualified LEO Yes
LEO, GEO, Flown LEO
Space Dynamics o o GTO, Qualified GEO,
Laboratory YsA 400 0.021°/0.021 UHF, S, X, Ka Cislunar, GTO, Lunar and Yes
Deep Space Deep Space
LEO. GEO Flown LEO
SFL Missions Inc.Canada 322 0.009°/0.004° | UHF, S, X, Ka Ll;nar ’ | Qualified GEO and No
Lunar
Space Inventor Penmark 200 |<0.008°/<0.008°|VHF, UHF, S, X LEO Flown LEO No
Spacemanic Czech Repubic | 432 190.5° | VHF, UHF, S, X| "5 O8O [ under Development | No
Terran Orbital USA 100 | 0.021°0.007° | UHF,s,x | -EO GEO. | FlownlEOand |y g
Lunar Lunar
U-Space France 150 0.009°/0.008° S, X LEO Flown LEO No
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Table 2-6: 16U+ Market Solutions
(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the
16U+ category)
s Peak | 3-0 Pointing | ¢, 0\ | Intended . us
Organization | Format| Power Control/ - P Maturity :
Options |Destination Office
(W) Knowledge
VHF, UHF, | VLEO, LEO o
Ital o o ’ ) ’ 3
2NDSpace '"av | 16U >100 0.1°/0.02 s X MEO Qualified LEO No
VHF, UHF,
SACCHGe | 16U | 400 |<0.01°/<0.0075°| S, X, K, Ka,|  LEO Qualified LEO | Yes
pace :
Ku, Optical
Argotec '™y | 16U+ | 220 | <0.029<0.01° | YHF S, X | GEO, Deep Under Yes
K, Ka Space Development
Astro Digital UHF, S, X,
e 16U+ | 500 | <0.05°/<0.01° | Ku,Ka,V, LEO Flown LEO Yes
W, Optical
Blue Canyon LEO. GEO Qualified LEO,
Technologies 16U 108 0.002°/0.002° L, S, X D ’ " | GEO and Deep Yes
USA eep Space S
pace
Deimos Space | 165, | 400 | 0.025°0.025° | UHF, s, x | SEO: Lunar, Under No
pain Deep Space Development
oot | 16U | 3e6 | oos00ae | TESX kO Flown LEO | Yes
ulgaria Ka
VHF, UHF, Under
Exobotics UK 16U 400 0.1°/0.008° S, X, LEO No
; Development
Optical
German
Orbital of 40 UHF, VHF, .
Systems 16U+ 164 <1°/<1 S, X LEO Qualified LEO No
Germany
GomSpace | 45, | 416 | 0.070%0.056° | S, X LEO FlownLEO | Yes
GUMUSH
AeroSpace | 16U | 240 | <0.05°<0.05° VHFS' l)J<HF’ LEO 5 Under No
Turkey , evelopment
Har 16U VHF, UHF,
by ' | 420 | <0.1°/<0.01° |S, X K, Ka, LEO Qualified LEO | Yes
Aerospace '"da | 27U .
Ku, Optical
. 16U UHF, S, X, | LEO, MEO Under
India ’ o o y ’ ’ y
HEX20 27U+ 200 0.008°/0.008 Optical Lunar Development Yes
ISISPACE The R . | UHF, S, X, Under
N 16U 190 | <0.03°/<0.03 Ka LEO Development No
NanoAvionics | 4a | 175 | 0.18°%0.09° | UHF,S,X | LEO FlownLEO | Yes
Nara Space | 41q; | 420 | 0.05°/0.03° s, X LEO Flown LEO No
NPC UHF, S, X, | LEO, MEO Under
SPACEMIND 16U 120 <0.1°/<0.1° o ’ ’ Yes
Italy Ka GEO, Lunar Development
Orbital 16U, o o S, X, K, Ka, | LEO, GEO, Qualified LEO
Astronautics Y| 27U 2,000 0.05°/0.01 Optical Lunar and GEO No
Orion Space of_40 VLEO, LEO, | Qualified VLEO,
Solutions Usa | 16U+ | 400 <1°/<1 L, S, X, Ka GEG LEO Yes
Pumpkin 16U, o o UHF, S, X, o
Space UsA 270 400 | 0.05°/<0.05 Ka LEO, Lunar | Qualified LEO | Yes

18



National Aeronautics and Space Administration

Under

SatRey Poland 16U 150 0.01°/<0.01° UHF, S, X LEO No
Development
Space LEO, GEO, Flown LEO
) o o | UHF,S, X, GTO, Qualified GEO,
Laggp;?'ciSA 16U+ | 1,600 | 0.021°/0.021 Ka, Optical | Cislunar, GTO, Lunar and Yes
ry Deep Space Deep Space
_ Flown LEO
SFL Missions | &), | 500 | 0.00990.004° | YHF: S X | LEO, GEO, | o iified GEO | No
Inc. Canada Ka Lunar
and Lunar
VHF, UHF,
Space | ey | 200 |<0.008°/<0.008°| S, X, L, Ka, | -EQ, GEO. | Flown LEOand 1,
Inventor Denmar Ku QV MEO GEO
Spacemanic o/n Eo VHF, UHF, | LEO, GEO, Under
Czech Republic 16U 432 1°/0.5 S, X Lunar Development No
TerraBS?rb|taI 16U 100 0.021°/0.007° | UHF, S, X LEO, GEO, Flown LEO and Yes
Lunar Lunar
U-Space Frenee | 16U | 150 | 0.009°/0.008° | S, X LEO Under No
Development

2.2.2.3 ESPA-Class

ESPA-class spacecraft are designed to
fly as secondary payloads on launch
vehicles using the Evolved Expendable
Launch Vehicle Secondary Payload
Adapter (ESPA) or similar structures.
The ESPA ring separates the primary
payload from the upper stage and . ; 3 g -
provides multiple mounting locations R S . e 'm/
for secondary spacecraft. Rings can be I o e

stacked to accommodate additional . 5o nysar9 ESPA Ring populated with

gﬁgluolz(tj:cll Eggi\r?in gzbgn trlwlleuf_t;ifss’at-g payloads and mass ballasts. Credit: NASA/Randy
Beaudoin.

mission, showing a practical
arrangement of payloads and mass
ballasts and providing context for available mounting configurations. For the purposes of this
chapter, ESPA-class refers to platforms with mass typically under 500 kg that can be adapted to
rideshare opportunities on ESPA or analogous interfaces. While some ESPA-class missions
exceed this mass, the focus here aligns with SmallSat taxonomy and common rideshare
constraints.

Procuring an ESPA-class bus introduces considerations distinct from PocketQubes and
CubeSats. For example, requirements for safety compliance will be more stringent as an ESPA
spacecraft is not encased by a deployer. Mechanical compatibility with the ring or equivalent
adapter must be confirmed, including the choice of separation system, envelope constraints, and
interface loads. Shock and vibration environments at the ring can differ from other locations in the
stack, and qualification plans should reflect these specifics. Rideshare accommodations can also
be implemented via plate-based adapters rather than direct ring ports, as depicted in Figure 2.10.
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Larger buses typically offer
significantly higher power generation
and storage, enhanced attitude
determination and control with
precision pointing and jitter control,
multiple communications bands and
high data rates, robust thermal
control, and propulsion systems
capable of meaningful orbit changes
and end-of-life disposal. These
capabilities support a wider range of
mission types, including more
demanding remote sensing,
communications, and technology
demonstrations, potentially beyond
low Earth orbit depending on the bus
design and heritage.

Selection should balance capability
with integration complexity and
schedule. Understanding the
provider’s flight heritage in the target
orbit and environment, mission
assurance practices, and production
cadence helps assess programmatic
and technical risk. Payload envelope
and interfaces—mechanical, electrical,
thermal, data, and software—must be
specified in detail, and ground segment
accommodations for data delivery,
latency, and security must be confirmed.
Regulatory and licensing
responsibilities, including spectrum and
remote sensing approvals where
applicable, should be planned early.
End-of-life and disposal must meet
applicable guidelines, and passivation
requirements should be incorporated
into bus design and operations. Figure
2.11 depicts an ESPA-class satellite bus
from Muon Space during integration at a
SpaceX facility for the Transporter-14
rideshare mission.

The ESPA-class summary table in this

XL Plate

Full Plate

Full Plate with Internal Intrusion

CubeSat Plate

Figure 2.10: Example Payload Plate and Volume
Configurations using Rideshare Plates. Credit:
SpaceX.

Figure 2.11: ESPA-Class satellite bus from Muon
Space launched on SpaceX Transporter-14
rideshare mission in June 2025. Credit: Muon
Space.

subsection presents representative commercially available platforms. As with other classes,
readers should verify current specifications and lead times with providers and ensure compatibility
with the specific rideshare opportunity and adapter that will be used.
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Table 2-7: ESPA-Class Market Solutions

(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the ESPA-

Class category)

s Peak | 3-0 Pointing | ¢ Intended . us
Organization Power Control/ . e Maturity -
Options |Destination Office
(W) Knowledge
S X Ka Flown LEO
Aerospacelab Belgium 1,000 |<0.003°/<0.003° R LEO, GEO Under Development Yes
Optical GEO
Airbus US Space & o o S, X Ka,
DefenseUsA 2,200 |<0.006°/<0.006 Optical LEO Flown LEO Yes
Flown LEO
Apex Ush 4,000 | 0.005°/0.0025° | YR S X | LEO, MEO, |y ot Development | Yes
Ka GEO
GEO
UHF. S. X Qualified LEO
Argotec 'taly 440 <0.01°/<0.008° K ’Ka; ’ LEO Under Development Yes
’ MEOQ, GEO, Deep Space
UHF, S, X,
Astro Digital UsA | 3,000 | <0.03/<0.02° | Ku,Ka,V, | -E9 CTO, Flown LEO Yes
: GEO
W, Optical
Astroscale YSA 3,530 0.05°/0.025° S, X, C LEO, GEO Under Development Yes
Axelspace Japan 1,800 <0.05°/<0.04° S, X, Ka LEO Under Development No
LEO, MEO,
BAE SysL,Jtsims SMS 2500 | <0.006°/<0.003° | L, S, X, Ka QEO, Flown LEO and Deep Yes
Cislunar, Space
Deep Space
Berlin Space ° o
Technologies Gemany 2,500 |<0.017°/<0.017 S, X LEO Flown LEO Yes
BlackSky YsA 2,000 0.013°/0.009° UHF, S, X LEO Flown LEO Yes
Blue Canyon o o LEO, GEO, Flown LEO and GEO
Technologies YSA 1,082 0.002°/0.002 L, S, X Deep Space | Qualified Deep Space Yes
CREQOTECH Poland 600 <0.02°/<0.015° | S, X, Optical | LEO, Lunar Flown LEO No
Deimos Space Srain 300 |<0.005°/<0.005°| S, X, iDRS LEO Under Development No
Qualified LEO (3,500W)
EnduroSat Buigra 3;%%%’ 0.1°/0.006° SI’_ )8 fl/(’fael‘ LEO Under Development |  Yes
’ » P (7,000W)
Exobotics UK 3600 | 0.087/0.008° | HF UHF, LEO Under Development No
S, X, Optical
Harpy Aerospace s | 2100 | 0.35°/0.35° gf::t}i?él LEO Qualified LEO Yes
. LEO, GEO Flown LEO
F o o ) b
Hemeria France >1,000 | <0.03°/<0.01 S, X GTO Qualified GEO and GTO No
LEO, GEO, Flown LEO
Lockheed Martin YSA 500+ <0.1°/<0.1° S, X, Ka Lunar, Deep | Qualified GEO, Lunar Yes
Space and Deep Space
Magellan Aerospace | 5, 0.01°/0.01° S, X LEO Flown LEO No
Ma“gisctf;‘;euf,\pace 918 |<0.015%/<0.015° | UHF, X,Ka |  Mars Under Development |  Yes
S, X, Ka Flown LEO
USA <] o ’ ’ L]
Moog 2,000 |<0.050°/<0.033 Optical LEO, GEO Under development GEO Yes
S X Ka LEO, MEO,
Momentus Space YSA | 3,000 0.008°/0.008° | GEO, Lunar, Flown LEO Yes
Optical
Deep Space
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Table 2-7: ESPA-Class Market Solutions

(The fields indicate maximum capability; organizations may offer multiple options including smaller capabilities within the ESPA-

Class category)

s Peak | 3-0 Pointing | ¢ Intended . us
Organization Power Control/ . e Maturity -
Options |Destination Office
(W) Knowledge
Muon Space YSA 4,000 0.01°/0.004° | S, X, Optical LEO Flown LEO Yes
NanoAvionics Lithuania 660 0.24°/0.09° UHF, S, X LEO Flown LEO Yes
Northrop Grumman o o LEO, GEO, Flown LEO, GEO, and
1y 400 <0.01°/<0.008 S, X, Ka HEO HEO Yes
LEO, MEO,
UHF, S, L, | GEO, GTO,
NovaWurks YsA >5,000 | 0.002°/0.0004° X, Ka, Ku | HEO, Lunar Flown LEO and GTO Yes
and Optical | and Deep
Space
OHB L-uxSpace 834 | <0.022°/0.01° S, X LEO Qualified LEO No
OHB Sweden Sweden 1,500 0.008°/0.008° S, X, L LEO, MEO Flown LEO No
S X K Ka VLEO, LEO,
Orbital Astronautics YK | 5,000 0.05°/0.01° oL 01 MEO, GEO, Qualified LEO No
Optical
Deep Space
LEO, GEO,
Quantum Space USA | 1,000 | 0.006%0.006° | S,X Ka |, Sistunar Under Qualified Yes
Lunar, Deep Development
Space
Reflex Aerospace o o | S, X, Ka, Ku,
o ¥ 3,000 | <0.019/<0.005 Optioal LEO Flown LEO No
Flown LEO
Redwire Space YA | 600 | 0.0059/0.0017° | UHF,S, X VLEC?ééEO’ Under Development |  Yes
VLEO and GEO
SFL Missions Inc. o o UHF, S, X, | LEO, GEO, Flown LEO
Canada 1,500 0.009°/0.004 Ka Lunar Qualified GEO and Lunar| No
i USA o ° LEO, MEO,
Sierra Space 500 0.001°/ <0.001 UHF, S, X GEO Flown LEO Yes
SITAEL 'ay 2,000 | 0.0017°/0.001° S, X LEO Qualified LEO No
Southwest Research Flown LEO
. USA 1,550 0.015°/0.002° S, X, Ka LEO, GEO Under Development Yes
Institute
GEO
LEO, GEO,
Space Dynamics o o UHF, S, X, GTO,
Laboratory UsA 2,000 0.021°/0.021 Ka, Optical Cislunar, Flown LEO Yes
Deep Space
VHF, UHF,
Space Inventor Pemmark | 1500 | <0.008°/<0.008° | S, X, Ka, | FEOQ GEO, Flown LEO No
Ku Q MEO, Lunar
. Flown LEO
Surrey Satellite | 5 509 | <0.019<0.01° | S % Ka || EO Lunar | Under Development No
Technology Ltd. Ku, ISL Lunar
Terran Orbital U5 | 1,500 | 0.014°/0.002° | UHF,8,X | "5 OEO: Flown LEO Yes

22




National Aeronautics and Space Administration

2.3 Other Complete Spacecraft Platforms Providers

The Small Spacecraft State of the Art team attempts to reach out to companies and organizations
to obtain information directly, but the team is not always successful in receiving responses. To
keep the information as updated as possible, Section 2.6 indicates if the team received a response
for this edition, the previous edition or other. For companies in previous editions with older data,
they have been removed from the main tables and are summarized in this section as potential
providers since we have been unable to confirm their input for 2 years or more. This table also
includes newly added companies from which the team has not received responses but which
appear to offer spacecraft buses and/or hosted orbital services.

Table 2-8: List of other companies that may offer spacecraft buses
and/or Hosted Orbital Services
Organization PocketQubes | CubeSats | ESPA-Class

Berlin Nanospacecraft Alliance X

General Atomics EMS X X

IMT X

In-Space Missions X X

Open Cosmos X X

Quantum Galactics X

Rocket Lab X

Satellogic X

Space Information Laboratories X

XDLINX Space Lab X X

2.4 Programmatic and Systems Engineering Considerations

When determining the optimal mission design approach, small satellite mission developers should
carefully evaluate the programmatic and systems engineering considerations that align most with
their specific objectives and constraints. This assessment is crucial for making informed decisions
that best serve the mission’s goals and requirements. Examples of these considerations include:

Environments the system will endure during development and in flight

Concept of operations, including desired orbit and mission duration

Functional and performance requirements

Key performance parameters with appropriate margins (e.g., mass, volume, power, data
link, data budget, pointing)

Software considerations such as development environment and re-use

Technology development considerations such as flight heritage, Technology Readiness
Level (TRL), and reliability

Risk posture for development and performance

Trades between performance, cost, and schedule

Procurement considerations such as production/lead time and contractual mechanisms
Licensing requirements, as-applicable (e.g., RF licensing, remote sensing, export control,
re-entry)
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In addition to the considerations listed above, hosted orbital service missions should also
consider:

e Payload priority/mission lifetime for multi-customer/multi-manifest missions
e Balance costs vs payload usage of platform resources (e.g., mass, volume, power, data
link, data budget, pointing)

Before finalizing any mission design decisions, it is essential to thoroughly analyze and consider
these factors for each potential option within the trade space. Given mission system performance
requirements for key performance parameters like mass, volume, power, data link, data budget,
and pointing, a functional importance rating and risk-based trade study should be used to screen
the many options available. In addition to functional performance, relevant flight heritage or TRL,
production lead time, and any available reliability data should be included in the trades. These,
as well as cost, could drive the design to be done via COTS or commercial support.

Mission developers may want to consider the following guides to help them in their selection and
design process:

e NASA CubeSat 101 Book
https://www.nasa.gov/content/cubesat-launch-initiative-resources

¢ NASA CubeSat 201 Small spacecraft process, lessons learned, and reference database
https://s3vi.ndc.nasa.gov/cubesat201/

¢ NASA Systems Engineering Handbook
https://www.nasa.gov/connect/ebooks/nasa-systems-engineering-handbook

e NASA Small Spacecraft Technology Program Guidebook for Technology Development
Projects
https://www.nasa.gov/sites/default/files/atoms/files/smallsattechdevguidebook rev-

508d1.pdf

2.5 Summary

Several vendors have pre-designed fully integrated small spacecraft buses that are space-rated
and available for purchase. The market ranges from companies that are willing to heavily modify
their systems to fit the customer’s needs to companies that standardize their systems with minimal
customization to achieve lower cost. This chapter consolidated a long list of providers with key
characteristics to facilitate the research and down-selection process for SmallSat practitioners.

For feedback about this chapter, email: arc-sst-soa@mail.nasa.gov. Please include a business
email in case of follow up questions.

2.6 References

The references in this section are provided to facilitate the process in which practitioners can
obtain information from the providers. The source indicates how the information provided in this
chapter was obtained.

Source definition:

Current = organization provided the information through direct communication with the State-of-
the-Art team for the current edition of the document.

Previous = organization provided the information through direct communication with the State-
of-the-Art team on the previous edition of the document, and the team was unable to
communicate with the organization to update the current edition of the document.
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New = the inclusion of the organization is new for the document, but the SOA team was unable
to communicate with the organization to obtain information. Organizations are encouraged to
contact the SOA team to include information on corresponding tables or be removed from the
chapter completely.

Obsolete = the information obtained by the State-of-the-Art team is obsolete since the team has
been unable to communicate with the organization for more than 2 editions in a row. Organizations
are encouraged to contact the SOA team to restore their place at the corresponding tables or to
be removed from the chapter completely.

Table 2-9: List of Contact Information for Organizations in this Chapter

Organization Source Contact Email Website
2NDSpace Current |giulio@2ndspace.eu 2ndspace.eu
AAC Clyde Space Current |enquiries@aac-clydespace.com aac-clyde.space
Aerospacelab Previous |gerry.jansson@aerospacelab.com |aerospacelab.com
Airbus US Space & Defense Current |deborah.horn@airbusus.com airbusus.com
Alba Orbital Current |contact@albaorbital.com albaorbital.com
Alén Space Current |sales@alen.space alen.space
Apex Current |General Inquiries Page apexspace.com
Argotec Current |info@argotecgroup.com argotecgroup.com
Artemis Space Technologies Current |info@spaceartemis.com spaceartemis.com
Astranis Space Technologies Corp. Current |scott@astranis.com astranis.com
Astro Digital Current |brian@astrodigital.com astrodigital.com
Astroscale Previous |k.shahady@astroscale-us.com astroscale-us.com
Axelspace Current | Contact Page axelspace.com
BAE Systems, Inc. SMS Current |Contact Form baesystems.com
Berlin Nanospacecraft Alliance New info@bna-space.de bna-space.de
Berlin Space Technologies Previous |info@berlin-space-tech.com berlin-space-tech.com
BlackSky Previous |Contact Form blacksky.com
Blue Canyon Technologies Current |info@bluecanyontech.com bluecanyontech.com
C3S Electronics Development Current |info@c3s.hu c3s.hu
CesiumAstro Current |info@cesiumastro.com cesiumastro.com
CREOTECH Current |space@creotech.pl creotech.pl/space
D-Orbit- Italy Current |eleonora.luraschi@dorbit.space dorbit.space
D-Orbit- USA Current | mike.kaplan@dorbit.com dorbit.com
Deimos Space Previous |cmentrena@deimos-space.com elecnor-deimos.com
DIYSATELLITE Previous |gus@diysatellite.com diysatellite.com
EnduroSat Current |Contact Page endurosat.com
Exobotics New Contact Page exobotics.space
FOSSA Systems Current |contact@fossa.systems fossa.systems
General Atomics EMS Obsolete |Chris.white@ga.com ga.com/EMS
German Orbital Systems Current |info@orbitalsystems.de orbitalsystems.de
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Table 2-9: List of Contact Information for Organizations in this Chapter

Organization Source Contact Email Website
GomSpace Current |info@gomspace.com gomspace.com
Gran Systems Current |info@gransystems.com gransystems.com
GUMUSH AeroSpace Previous |gumush@gumush.com.tr gumush.com.tr

Harpy Aerospace Current |jayakumar@harpyaerospace.in harpyaerospace.in
Hemeria Previous |Contact Form hemeria-group.com/en
HEX20 Current |info@hex20.space Hex20.space

Hydra Space Systems Current |contacto@hydra-space.com hydra-space.com

IMT Obsolete |giovanni.cucinella@imtsrl.it imtsrl.it

In-Space Missions Obsolete |info@inspace.co.uk in-space.co.uk

Innova Space Previous |info@innova-space.com innova-space.com/en
ISISPACE Previous |sales@isispace.nl isispace.nl

Lockheed Martin Previous |timothy.m.linn@Imco.com -

Loft Orbital Current |justin.timan@loftorbital.com loftorbital.com
Magellan Aerospace Current |rushi.ghadawala@magellan.aero | magellan.aero

Malin Space Science Systems Current |yee@msss.com msss.com

Momentus Space Current |sales@momentus.space momentus.space
Moog Current |ddusza@moog.com moog.com/markets/space
Muon Space Current |info@muonspace.com muonspace.com
NanoAvionics Previous |info@nanoavionics.com nanoavionics.com
Nara Space Current |sales@naraspace.com naraspace.com
NearSpace Launch Previous |nsl@nearspacelaunch.com nearspacelaunch.com
Northrop Grumman Previous |John.Dyster@ngc.com -

NovaWurks Current |inffo@NovaWurks.com novawurks.com

NPC SPACEMIND Current |info@npcspacemind.com npcspacemind.com
OHB LuxSpace Previous |info@luxspace.lu luxspace.lu

OHB Sweden Current |spacesales@ohb-sweden.se ohb-sweden.se

Open Cosmos Obsolete |partnerships@open-cosmos.com | open-cosmos.com
Orbital Astronautics Current |hello@orbastro.com orbastro.com

Orion Space Solutions Current |orioncontact@arcfield.com orionspace.com
Pumpkin Space Systems Current |sales@pumpkininc.com pumpkinspace.com
Quantum Galactics New info@quantumgalactics.com quantumgalactics.com
Quantum Space Previous |sales@quantumspace.us quantumspace.us
Quub, Inc. Current |info@quub.space quub.space

Redwire Space Current |sales@rdw.com rdw.com

Reflex Aerospace Current |sales@reflexaerospace.com reflexaerospace.com
Rocket Lab New enquiries@rocketlabusa.com rocketlabusa.com
Satellogic New info@satellogic.com satellogic.com
SatRev Current |contact@satrev.space satrev.space
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Table 2-9: List of Contact Information for Organizations in this Chapter

Organization Source Contact Email Website
SFL Missions Inc. Current |info@sflmissions.com sflmissions.com
Sierra Space Previous |spaceapps@sierraspace.com sierraspace.com

SITAEL Previous |sales.space@sitael.com sitael.com

Southwest Research Institute Current |spacecraft-info@swri.org -

Space Dynamics Laboratory Current |info@sdl.usu.edu sdl.usu.edu

Space Information Laboratories Obsolete |sales@spaceinformationlabs.com |spaceinformationlabs.com
Space Inventor Current |sales@space-inventor.com space-inventor.com
Spacemanic Current |sales@spacemanic.com spacemanic.com

Spire Global Current |sales@spire.com spire.com

Surrey Satellite Technology Ltd. Previous |info@sstl.co.uk sstl.co.uk

Terran Orbital Current |info@terranorbital.com terranorbital.com
U-Space Current |contact@u-space.fr u-space.fr

Varda Space Industries Current |john.boyer@varda.com varda.com

XDLINX Space Lab New info@xdlinx.space xdlinx.space

York Space Systems Current |BD@yorkspacesystems.com yorkspacesystems.com
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Chapter Glossary
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(PV)
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(RPS)
(RTGs)
(SABER)
(SP)
(SWaP)
(TPV)
(TR)
(TRL)
(Wh/kg)

Air Force Research Laboratory
Battery Management System
Beginning-of-Life

Composite Fiber Reinforced Panels
Cu(In,Ga)Se2
Commercial-off-the-Shelf
End-of-Life

Electrical Power System

European Space Agency
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Lithium sulfur dioxide

Lithium thionyl chloride
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Qualified Manufacturers List
Nickel-cadmium
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Organic Photovoltaic

Optical Sensors based on carbon materials
Printed Circuit Board
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polyethylene terephthalate

Power management and distribution
Photovoltaic
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Radioisotope Power System
Radioisotope Thermoelectric Generators

Solid-state Architecture Batteries for Enhanced Rechargeability and Safety

Specific Power

Size, Weight, and Power
Thermophotovoltaic
Thermoradiative
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3.0 Power

3.1 Introduction

The electrical power system (EPS) is a major, fundamental subsystem that encompasses
electrical power generation, storage, and distribution, and typically accounts for a significant
portion of spacecraft volume and mass. Power generation technologies include photovoltaic cells,
panels, and arrays, and radioisotope or other radioisotope thermoelectric generators (RTGs) .
Power storage is typically applied through batteries; either single-use primary batteries or
rechargeable secondary batteries. Power management and distribution (PMAD) systems facilitate
power control to spacecraft electrical loads and take a variety of forms that are often custom
designed to meet specific mission requirements. EPS engineers frequently target a high specific
power or power-to-mass ratio (Wh kg™') when selecting power generation and storage
technologies to minimize system mass. For nanosatellites, EPS volume is often the primary
design constraint.

Microsatellites (<200 kg) in low-Earth orbit (LEO) operate in relatively mild thermal and radiation
environments, and therefore typically do not require extreme qualification standards or high
Technology Readiness Levels (TRLs associated with deep-space missions). Engineers must
carefully balance the differences between space-qualified parts (MIL/QML) and less stringent
commercial off-the-shelf (COTS) components with mission-specific spacecraft requirements.
Military or space-qualified components undergo rigorous testing—often certified for extreme
temperatures (e.g., —55 °C to +125 °C), radiation tolerance, and long-term reliability—while COTS
parts are usually rated for narrower ranges (—40 °C to +85 °C) and receive less comprehensive
screening. While QML-qualified parts generally offer higher reliability, they are often limited in
availability and subject to slow revision cycles. In contrast, COTS components typically provide
better performance, quicker availability, and lower cost, making them well-suited for many small
spacecraft applications.

CubeSat missions commonly use COTS parts due to their nearly exclusive operation in LEO,
shorter mission durations, and more favorable environmental conditions, reducing the need for
stringent qualification standards. Differences in EPS design between a ~150 kg spacecraft and a
10 kg CubeSat lie in priorities and constraints: CubeSats, with limited surface area, typically use
fixed body-mounted solar cells, small batteries, and a single low-voltage bus. Conversely, a
150kg microsatellite can support deployable solar panels, larger battery capacity with
redundancy, and multiple regulated buses for power distribution. Both architectures can
incorporate COTS components where mission risk permits.

This chapter reviews the following categories:

o Sections 3.2 & 3.3: Power Generation, including solar cells, panels, and arrays;
Sections 3.4 & 3.5: Energy Storage, including Li-ion, supercapacitors, and solid-state
batteries;

e Sections 3.6 & 3.7: Power Management, including modular architectures and wireless
power transfer and telemetry.

The list of organizations/companies in this chapter is not all-encompassing and does not
constitute an endorsement from NASA. The inclusion or omission of specific companies is not
intended to reflect their technologies or relationship with NASA. The performance advertised may
differ from actual performance as the information has not been independently verified by NASA
subject matter experts and is based on manufacturer-provided or publicly available data. It should
be noted that TRL designations may vary with changes specific to the payload, mission
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requirements, reliability considerations, and/or the environment in which performance was
demonstrated. Readers are highly encouraged to reach out to companies for further information
regarding the performance and TRL of the technology described.

3.2 State-of-the-Art — Power Generation

Power generation on microsatellites is typically governed by a common solar power architecture
(solar cells + solar panels + solar arrays). As the SmallSat industry drives demand for lower cost
and increased production rates, the photovoltaics industry is adapting to meet these needs. The
standardization of solar array and panel designs, deployment mechanisms, and power integration
will be critical to meet the desire for large, proliferated constellations.
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Figure 3.1: (Top) Distribution of mission range, or the furthest point from the sun that the
spacecraft reaches, and mission power levels [power capped at 5 KW]. (Middle) Distribution
of solar array surface area and solar array mass [mass capped at 500 Kg]. (Bottom)
Distribution of solar array empirical efficiency (calculated at Earth) and specific power (for the
entire array measured at the destination of the mission). X axis represents 389 missions and
color scheme represents highest to lowest values (red to blue). Credit: NASA.

EPS engineers should note beginning-of-life (BOL) vs end-of-life (EOL) performance of the
systems, as well as planned ground testing duration prior to operations. EPS for SmallSats is
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often overdesigned to accommodate dynamic thermal environments, eclipse durations in LEO,
and varying sun-angles. Figure 3.1 captures actual space system performances given such wide
varying operational conditions for 389 space missions (not only SmallSats) launched since 1989
to 2021 (1). The dotted horizontal line indicated where more of the 389 missions surveyed fall
under.

When possible, choosing a pre-designed and qualified panel is preferred over designing unique
solar panels to reduce the cost and schedule as well as unforeseen design and manufacturing
issues. Companies that have the capacity for mass production and automation are rare because
space solar arrays, cells, and panels have always been a ‘boutique’ business; however,
standardized designs like the OneWeb and Starlink constellations have been appearing more
often to meet the demands of highly proliferated constellations.

The following subsections aim to capture the current state of the art and assist EPS engineers,
mission designers, system engineers, etc., in designing, reviewing and ultimately constructing
and operating power flight systems.

3.2.1 Solar Cells

Solar power generation is the predominant energy source for small spacecraft, with more than
90% of all nanosatellite/SmallSat form factors equipped with solar panels and rechargeable
batteries (1). Photovoltaic (PV) cells, or solar cells, are made from thin semiconductor wafers that
produce an electric current when exposed to light. The amount of light available to a spacecraft
solar array— also called solar intensity—varies with the inverse square of the distance from the
Sun. Power generation is predicated primarily by the angle of incidence to the sun. Perpendicular
orientation provides maximum generation which then drops off by the cosine of the angle as the
solar array is tilted away from the sun.

A basic solar cell is made from a single layer of semiconductor material (most commonly Silicon,
Si) that has been doped with boron and phosphorus to create a bandgap to convert sunlight into
electricity. These single-junction cells are inexpensive to manufacture but have relatively low
efficiencies, around 20%. Single-junction cells are best at converting light within a narrow
wavelength range and are primarily used in missions with short lifetimes or are cost sensitive and
are not covered here.

By contrast, multi-junction solar cells are constructed by stacking multiple semiconductor layers,
each with an optimized bandgap tuned to absorb a specific portion of the solar spectrum. This
layered structure enables the cell to convert a broader range of sunlight into electricity more
efficiently (minimal heat loss), achieving spectral efficiencies of 30-34% (2)(3). While the
theoretical efficiency limit for an infinite-junction cell under concentrated sunlight is 86.6%, real-
world performance is constrained by optical and thermal losses, semiconductor material
imperfections, and electrical and thermal effects within the materials. A multi-junction cell that (4)
contains only two different semiconductor materials is known as a tandem-junction cell, and there
has been high interest in a hybrid-tandem cell where two different solar cell technologies are
combined so energy can be more efficiently generated by separate devices (5).

The current state-of-the-art for space solar cells includes 3- to 5- junction architectures based on
Group I11-V semiconductor elements (like GaAs, InGaP, and Ge) with a nominal efficiency of 30%
and a high of 34%. While this concept is well-established, research seeks to optimize power
conversion efficiency with different combination of materials and adjusting the manufacturing
process. Some modern designs include 4- to 5- junctions by adding materials like InGaAs,
AlGaAs, or GalnNAs; tandem layers of perovskite on the IlI-V stacks are also being investigated
(see Section 3.3).
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Despite their advantages, solar cells face several limitations for space applications. These include
reduced effectiveness in deep-space environments, lack of power generation during eclipse
periods, and performance degradation over the mission lifetime (due to aging, radiation, and
contamination). Solar cells also contribute significantly to spacecraft mass, surface area, and cost.
To increase power generation within the limited volume of microsatellites, deployable solar panels
are often used, though this increases spacecraft design complexity, reliability, and risk. Ultimately
for a small spacecraft, the size, weight, and volume constraints may drive the choice of solar cell
technology rather than solar cell efficiency. Since solar arrays are life-limiting components, their
EOL performance at operating temperature is a critical metric. Common degradation factors
include radiation exposure, coverglass or adhesive darkening, surface contamination, and
mechanical or electrical failures.

Table 3-1 itemizes small spacecraft solar cell efficiency per the available manufacturers. Note the
efficiency may vary depending on the solar cells chosen.

Table 3-1: Solar Cells
Jsc Jmp
Mi,'::iﬁ?ﬂ:fsrer Cell Name Eff:?::?el;lcy Voc (V) V(Q;)p (ml-z\l (mAzJ (VF\,ITn?Z)
cm?) cm?)
Silicon S 32 16.8 0.628 | 0.528 45.8 43.4 229.2
AZUR Space 3G30-Adv 29.5 2.7 2.411 17.2 16.71 403
Germany 4G32-Adv 31.5 3.426 | 2.999 15.2 14.37 431
TJ 3G28C 28 2.667 2.37 16.77 16.14 1367
ZTJ 29.5 2.726 2.41 17.4 16.5 397.7
ZTJ+ 29.4 2.69 2.39 17.1 16.65 397.9
Rocket Lab ZTJ Omega 30.2 2.73 2.43 17.4 16.8 408.2
USA Z4J 31.3 3.95 3.54 12 11.5 407 1
IMMa 32.0 4.78 4.28 10.7 10.12 433.1
ZTJM 29.5 2.72 2.38 171 16.5 392
XTJ 29.5 2.633 | 2.348 17.76 17.02 399.6
XTJ-Prime 30.7 2.715 2.39 18.1 17.4 415.9
Boeing- XTE-SF 32.2 2.75 2.435 18.6 17.8 433.4
SpectroLab XTE-HF 32.1 2.782 2.49 18 17.4 427.9
XTE-LILT 31.6 2.755 | 2.459 18.1 17.4 427.9
USA uTJ 28.4 266 | 235 | 17.14 16.38 | 384.93
TASC 27 2.52 2.19 32 28 270
ITJ 26.8 2.565 2.27 16.9 16 1353

3.2.2 Solar Panels & Arrays

Solar panels and arrays are constructed from individual solar cells connected in series to form
strings and in parallel to form circuits mounted on a substrate backing. Figure 3.2 has a few
examples of 6U spacecraft with solar panels. While very low-power CubeSats and SmallSats may
only need body-mounted solar panels, most will require more power from deployed solar arrays.
The deployed solar arrays for CubeSats and SmallSats are mostly on rigid substrates made of
either a printed circuit board (PCB), composite fiber reinforced panels (CFRPs), or an aluminum
honeycomb panel.

Deployed solar arrays are often the largest structure on a satellite. The ratio of deployed solar
array size to spacecraft size is often significantly higher than for traditional spacecraft. The size
and fundamental frequency of the solar arrays impact spacecraft pointing, propulsion, and delta-
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V needed for station keeping. Important considerations for
SmallSat solar arrays are deployment mechanisms, deployed
frequency, panel specific power, and power density, as well
as stowed volume. Most of these metrics are not listed on
manufacturer datasheets.

Solar array comparison can be challenging because
manufacturers who make solar arrays specific to their bus
and payload designs often do not report solar array power
using the same metrics. Reported “power” can refer to
multiple metrics: power available to the payload, peak power
provided by a combination of solar array and battery, or an
orbital-specific average power. Reported solar array power
(Peak BOL) mainly refers to the peak power of the solar array
at the beginning of life at standard test conditions (e.g.,
~28°C), which is mission independent. Panel stiffness and
moment of inertia usually need to be calculated for a specific
spacecraft because they are dependent on multiple factors
such as the size and mass of the panel, as well as spacecraft
size and weight distribution. Examples of commercial solar
array and panel products are shown in Table 3-2; information
is from company websites and technology datasheets.

Figure 3.2: {top} XO-BUS 6U,

XCUBE-1 Mission. Credit:
Exobotics;, and {lower} NASA
JSC’s R5-S10 6U spacecratft.
Credit: NASA.

Table 3-2: Solar Array/Panel Products
Company Specific Peak BOL
Headquarters Product Panel Type Power Solar Array
(W/kg) Power (W)
AAC Clyde Photon . N 9.25/3U-12
Space Sweden Face
DROP-03X Double Deployable 62.5 22.5
DROP-04X Double Deployable 62.5 30
DROP-12 Deployable 70 40
DROP-03XL Triple Deployable 67.5 30
CORE-01Z Body Mounted 65 2.45
2NDSpace 'aly CORE-01 Body Mounted 70 2.45
CORE-02 Body Mounted 65 4.88
CORE-03 Body Mounted 72.5 8.54
CORE-04 Body Mounted 75 11
CORE-06Z Body Mounted 55 4.88
CORE-12 Body Mounted 67.5 19.52
CORE-12Z Body Mounted 50 9.76
CORE-16 Body Mounted 62.5 24.4
Agencia . :
Espacial Civil Deploygble Multifunction Deployed Rigid - -
. tal olar Array
Ecuatoriana &
Sparkwing Solar Panel Body Mounted, 1-3 18 88 per panel
Airbus 600x570mm 36V deployed panels, Rigid
Netherlands Sparkwing Solar Panel Body Mounted, 1-3 21 111 per panel
The Netherlands 600x700mm 36V deployed panels, Rigid
Sparkwing Solar Panel Body Mounted, 1-3
D R00XB20mm, 36V deplo;yed panels. Rigid 24 | 133 per panel
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Table 3-2: Solar Array/Panel Products

Specific Peak BOL
Egﬂ';ﬂii‘,! Product Panel Type Power Solar Array
(W/kg) Power (W)
Sparkwing Solar Panel Body Mounted, 1-3
600x965mm 36V deployed panels. Rigid 25 | 155 per panel
Sparkwing Solar Panel Body Mounted, 1-3
750x820mm 36V deployed panels. Rigid 29 | 177 per panel
Sparkwing Solar Panel Body Mounted, 1-3
750x965mm 36V deployed panels. Rigid 30 | 199 per panel
Sparkwing Solar Panel Body Mounted, 1-3
750x1100mm 36V deployed panels. Rigid 34 | 243 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x820mm 36V deployed panels. Rigid 33 | 221 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x965mm 36V deployed panels. Rigid 37 | 265 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1000x570mm 36V deployed panels. Rigid 29 | 176 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1000x1100mm 36V deployed panels. Rigid 39 | 309 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1070x820mm 36V deployed panels. Rigid 37| 265 per panel
Sparkwing Solar Panel Body Mounted, 1-3 19 92 per panel
600x570mm 50V deployed panels, Rigid perpane
Sparkwing Solar Panel Body Mounted, 1-3
600x800mm 50V deployed panels. Rigid 22 | 122 per panel
Sparkwing Solar Panel Body Mounted, 1-3
600x965mm 50V deployed panels. Rigid 25 | 153 per panel
Sparkwing Solar Panel Body Mounted, 1-3 8 183 per panel
Airbus 600x1100mm 50V deployed panels, Rigid perp
Netherlands Sparkwing Solar Panel Body Mounted, 1-3 23 122 |
The Nethertands 750x570mm 50V deployed panels, Rigid perpane
Sparkwing Solar Panel Body Mounted, 1-3
750x800mm 50V deployed panels. Rigid 25 | 153 per panel
Sparkwing Solar Panel Body Mounted, 1-3
750x965mm 50V deployed panels, Rigid 36 241 per panel
Sparkwing Solar Panel Body Mounted, 1-3
750x1100mm 50V deployed panels. Rigid 34 | 244 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x570mm 50V deployed panels, Rigid 26 153 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x800mm 50V deployed panels. Rigid 32 | 214 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x965mm 50V deployed panels. Rigid 34 | 244 per panel
Sparkwing Solar Panel Body Mounted, 1-3
910x1100mm 50V deployed panels. Rigid 40| 305 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1070x570mm 50V deployed panels, Rigid 29 183 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1070x800mm 50V deployed panels. Rigid 34 | 244 per panel
Sparkwing Solar Panel Body Mounted, 1-3
1070x965mm 50V deployed panels. Rigid 39 | 305 per panel
Sparkwing Solar Panel Body Mounted, 1-3 45 366 per panel

1070x1100mm 50V

deployed panels, Rigid
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Table 3-2: Solar Array/Panel Products

226.3x366x2.2mm, 33.6V

(Rigid Polyimide)

Company Specific Peak BOL
Headquarters Product Panel Type Power Solar Array
(W/kg) Power (W)
Sparkwing Solar Panel Body Mounted, 1-3 31 214 per panel
Airbus 1230x570mm 50V deployed panels, Rigid
Netherlands Sparkwing Solar Panel Body Mounted, 1-3 36 275 per panel
The Netherlands 1230x800mm 50V deployed panels, Rigid
Blue Canyon 28 — 42 for
Technolog]lies BCT Solar Array Body Mount + Deployed . 3U/48-118
UsA Rigid for 6U-12U
DSA-042W Simple Deployable 36 42
BMSA-066W Body Mounted 68 66
DSA-079W Simple Deployable 43 80
BMSA-050W Body Mounted 65 50
DSA-079W Simple Deployable 44 95
DSA-108W Simple Deployable 50 109
BMSA-087W Body Mounted 68 87
DSA-183W Double Deployable 50 183
DSA-185W Simple Deployable 56 185
DSA-255W Double Deployable 60 256
BMSA-366W Body Mounted 52 366
DSA-373W Double Deployable 41 373
DSA-555W Triple Deployable 60 556
DSA-686W Quadruple Deployable 34 676
DHV DSA-898W Quintuple Deployable 34 889
Technologies DSA-1268W Sextuple Deployable 46 1268
Spain DHV-1U Series (Body PCB Substrate 41 5
Mounted) (Polyimide)
DHV-2U Series (Body PCB Substrate 44 4
Mounted) (Polyimide)
DHV-3U Series (Body PCB Substrate 56 8
Mounted) (Polyimide)
DHV-6U Series (Body PCB Substrate 60 18
Mounted) (Polyimide)
DSA-3U-1D-L (Simple PCB Substrate 33 7
Deployable) (Polyimide)
DSA-3U-2D-L (Double PCB Substrate 35 11
Deployable) (Polyimide)
DSA-3U-3D-L (Triple PCB Substrate 46 o1
Deployable) (Polyimide)
DSA-6U-1D-L (Simple PCB Substrate 67 8
Deployable) (Polyimide)
DSA-6U-1D-S (Simple PCB Substrate 35 19
Deployable) (Polyimide)
DSA-6U-2D-S (Double PCB Substrate 67 55
Deployable) (Polyimide)
DSA-6U-2D-L (Double PCB Substrate 66 41
Deployable) (Polyimide)
3U Solar panel: Body Mounted 66.6 8.2
Spain 327.5x83x 2.2mm, 14.7V (Rigid Polyimide) ' '
EmxysSpP .
6U Solar panel: Body Mounted 533 176
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Table 3-2: Solar Array/Panel Products

Corp YsA

Solar Panel

Company Specific Peak BOL
Headquarters Product Panel Type Power Solar Array
(W/kg) Power (W)
3U Solar Panel/Array Deployed Rigid 66 14.4
EnduroSat 6U Solar Panel/Array Deployed Rigid 64 19.2
8U Solar Panel/Array Deployed Rigid 65 24.0
XO-PANEL 1U Body Mounted 46 2.3
Exobotics UK XO-PANEL 2U Body Mounted 46 4.6
XO-PANEL 3U Body Mounted 54 8.1
XO-PANEL 6U Body Mounted 62 27.8
R;’ﬂggﬁ% Fold O?thgl/i; Arrays Deployed Flexible 140 150
Nanopower DSP Deployed Rigid * 1.2
GomSpace NanoPower P110 Fixed 36.9-92 | 1.2/cell24
Denmark NanoPower MSP 16 cell Fixed 42 1.2 /cell 19.2
NanoPower TSP Per wing Deployed Rigid 60 45
e ™ Smallsat Solar Panels | 5°% MOUF’{‘iBi* peployed | 4g 23/U
Deployed Rigid with
kﬂc;imeii SmallSat Solar Array AdditiveSI’y Manufactured 53.6 éé?_/arzzr;%
ubstrate
MMA Hawk Deployed Rigid (PCB) 121 36-112
Design zHawk Deployed Rigid (PCB) 95 36
USA Next-Gen HaWK Deployed Rigid (PCB) 100 45-310
SP1X Body Mounted 1U 68 24
SP1Z Body Mounted 1U Top 68 24
SP2X Body Mounted 2U 64 4.8
SP2Z Body Mounted 2U Top 64 4.8
NPC SP3X Body Mounted 3U 76 8.4
Spacemind SP4X Body Mounted 4U 75 10.8
Italy SP4Z Body Mounted 4U Top 58 9.6
SP6X Body Mounted 6U 74 19.2
SP8X Body Mounted 8U 68 24
SP3X Deployable Double, Deployable 3U 75 21.6
SP4X Deployable Double, Deployable 4U 58 28.8
SP6X Deployable Double, Deployable 6U 74 57.6
SP8X Deployable Double, Deployable 8U 68 72
Dual A”'gg:::e:rgip'oyab'e Deployed Rigid 31 135
Dual-Quad Articulated i
Pumpkin Deployable Solar Array Deployed Rigid 30 240
Spaceugk/stems Deployztr)rlgyC(lgggge)ll Solar Deployed Rigid 44 220
Dep'oy/‘j‘\?r'gy(i'gggg‘i” Solar Deployed Rigid 38 350
Redwire Space ROSA Flexible PV blanket 100 1000
USA Aladdin SmallSat Array Hybrid Array: Flex Rigid 80 300
: 36 for a
Saﬂ_\;g;ﬁdS'A' Deployable panel Custom3sl|Jz<i cé%ployable 40 typical 6U
deployment
Sierra Space Surface Mount Technology Composite ) 2500
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Table 3-2: Solar Array/Panel Products

Company Specific Peak BOL
Headquarters Product Panel Type Power Solar Array
(W/kg) Power (W)
Space
Dynamics SDL Modular Solar Panels Deployed Rigid 84.5 180 / panel
Laboratory YSA
Spacemanic RA Solar Panels Triple Junction GaAs | 38.55 19.2

* Available with inquiry to manufacturer
** For SmallSat use

While solar efficiency has been the prevailing way to characterize solar array performance,
discrepancies between theoretical and empirical data indicate that specific power (SP) of the solar
array fundamentally governs space mission feasibility and flexibility. Figure 3.3 visualizes the
landscape of mission architectures, parameterized by power (adjusted by a factor of squared
distance) and mass; the relation between these axes is the SP.
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Figure 3.3: Specific power of a solar array at Earth. A minimum of 1 W/kg is plotted as a dashed
black line, showing that no missions fly with any smaller specific power. The larger red circles

represent the missions farther from Earth corresponding to the red color on the distance scale.
Peretz et al (2024). Credit: NASA.

Space missions using solar arrays, regardless of spacecraft mass, are strongly clustered around
~30 W/kg (red dashed line) and are strongly bounded: no missions fly with SP lower than 1 W/kg
(lower dashed line), and the maximum empirical SP of this dataset is 200 W/kg (upper dashed
line). There are two clearly unoccupied regions: the empty region of high-mass and low-power is
of little interest since this is not generally desirable; however, it is interesting that the high-power
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Space missions using solar arrays, regardless of spacecraft mass, are strongly clustered around
~30 W/Kkg (red dashed line) and are strongly bounded: no missions fly with SP lower than 1 W/kg
(lower dashed line), and the maximum empirical SP of this dataset is 200 W/kg (upper dashed
line). There are two clearly unoccupied regions: the empty region of high-mass and low-power is
of little interest since this is not generally desirable; however, it is interesting that the high-power
low-mass regime is empty, indicating that while this is a highly desirable region, it is
technologically inaccessible.

With the average mission power consumption of 1000 W and a medium value of 600 W, Figure
3.4 shows what maximal ranges can be achieved with three hypothetical solar array technologies
with specific power levels of 10, 100 and 1600 W/kg (the lines show how the Empirical Specific
power changes as a function of range until it reaches the lower limit of 1 W/kg). The color-coded
regions are where maximal surface area of 100 m? could be contained for power levels of 100,
300, and 1000 W. The areas under the line and within the colored region indicate where current
(empirical evidence) and future (theoretical) missions could exist.

N —— 10 W/kg

— 100 W/kg

—— 1600 Wikg

----- 1 W/kg
10° . Range Limit at 100 W
Range Limit at 300 W
Range Limit at 1000 W

Empirical Specific Power

107 5 10 15 20 25 30 35 40
Distance (AU)

Figure 3.4: Practical power operation limit for spacecraft. Horizontal Axis is range in AU, Vertical
is Specific Power in W/kg. Lines represent a hypothetical solar array Specific Power. Colored
regions show where a solar array with surface area smaller than 100 m? could exist (green is
more spacecraft power and red is less spacecraft power). Peretz et al (2024). Credit: NASA.

There are two possible approaches to improving solar array specific power: increase generated
power or decrease array mass. The former has been the focus of the community for the past 40
years through improving efficiencies. However, even if triple-junction solar cell efficiency improves
to the theoretical limit of approximately 40%, the surface area, mass, and storage volume required
to support median power requirements for exploration of deep space are beyond the point of
feasibility. The mass required from such solar array structures would be measured in thousands
of kilograms; clearly a reduction in solar array mass is needed for deep space exploration
missions to be feasible.

Future work is needed to reduce solar array mass; deployment mechanism mass could be
reduced with light-weight components or alternate configurations (for example, using a tension-
based deployment instead of a motor-driven system) to eliminate the requirement for a motor and
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many spacecraft integration components. Mass reduction for the solar cells themselves can come
by reducing cell thickness or increasing flexibility to increase launch vehicle stowage volume.
Creating highly foldable arrays may be a desirable solution, with mass decreases possible in both
deployment mechanisms and in the design of solar cells.

3.3 On the Horizon — Power Generation

The global surge in renewable energy research has significantly advanced materials science,
particularly in the development of next generation power systems for small spacecraft.
Innovations like advanced single-junction, multi-junction, flexible and organic solar cells are at the
forefront of this progress. These technologies are poised to surpass the current state of the art in
aerospace solar power, especially as their high efficiencies—demonstrated under terrestrial
sunlight—are adapted for space environments. Other promising power sources such as hydrogen
fuel cells, thermonuclear systems, and atomic batteries are beyond the scope of this chapter and
are not discussed here.

3.3.1  Multi-junction Solar Cells

There is ongoing research and development to improve aerospace use of multi-junction solar cell
technology, and recent progress within terrestrial photovoltaic applications indicates significant
progress. Advancements for multi-junction cells include enhanced crystal growth techniques,
studying the geometric orientation in nanostructures, improved matching the layers electrical
currents, and better radiation tolerance and thermal stability.

Fraunhofer Institute for Solar Energy Systems contributed to the development a four-junction solar
cell that achieved a significant 47.6% efficiency under concentrated sunlight (ideal case) using an
advanced antireflection coating and optimized contact layers; and the demonstration of Si-based
multi-junction solar cells with 36.1% efficiency. Future investigations are needed to solve current
challenges of the complex inner structure of the layers (6).

The National Laboratory of the Rockies (NRL, previously National Renewable Energy Laboratory,
NREL) has actively advanced photovoltaic technology with their suite of characterization tools for
analyzing proton and electron radiation effects. Figure 3.5 below shows a cross section of a IMM
solar cell by NRL. They have advanced modern photovoltaic technology, with 4- and 6-junction
cells achieving or exceeding 35-38% in the lab and even reaching 47.1% under concentrated
illumination for a 6-junction lll-V device (8). NRL'’s latest developments with their dual chamber
Dynamic Hydride Vapor Epitaxy (D-HVPE) growth reactor for manufacturing scalable 11I-V cells
achieved 27% efficiency GaAs single-junction under terrestrial sunlight, which is exciting since its
very likely the efficiency in space will be only a slightly lower though much higher than the current
20% nominal (9).
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Figure 3.5: Cross section of IMM solar cell. Credit: NRL and Alfred Hicks.
Perovskite Cells

Emerging progress of perovskite technology solar cells is happening across the globe in academic
institutions, R&D labs, and industry. Known for its exceptional photo-electric properties (high
power-to-mass ratio, high efficiency potential, and high optical absorption) and flexibility,
perovskite solar cells can convert more sunlight into energy. Major limitations are degradation,
insufficient long-term stability, and durability when exposed to harsh space radiation over longer
periods of time.

Perovskite materials are ideal for creating multi-junction solar cells since their electronic
properties can be adjusted by altering their composition (10). Currently, the University of Science
and Technology of China achieved 26.7% efficiency of a single-junction perovskite solar cell
under terrestrial sunlight (11). Researchers have found that when used in tandem with other
materials, Silicon being the most common, perovskite cells achieve significantly increased
efficiency. LONGi company developed a crystalline silicon-perovskite tandem solar cell with
34.85% efficiency (terrestrial) and is inching closer to space demonstration.

In a collaboration with JAXA, the Ricoh Company aims to achieve practical applications of
perovskite solar cells. In October 2025, Ricoh perovskite solar cells were installed on the
unmanned cargo transfer spacecraft1, HTV-X1, onboard the ISS, where they are exposed for two
months (12). On the same launch, Aegis Aerospace’s MISSE-21 mission were halide perovskite-
based cells from Georgia Institute of Technology. Instead of using silicon, researchers from
Georgia Tech’s School of Materials Science and Engineering develop ways to prevent the
degradation of perovskite cell and promote resiliency by mixing chemistries of the materials
(13)(14).
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Flexible Solar Cells

Flexible and thin-film solar cells have an extremely thin layer of photovoltaic material placed on a
substrate of glass or plastic; flexible substrates now also include advanced polymers and ultra-
thin glass. The thickness of photovoltaic layers using modern crystalline silicon wafers are
typically 100-200 microns and the thin-film layers range from <1 to a few microns depending on
the material. This allows the cells to be flexible, lightweight, and cheaper to manufacture because
they use less raw material. Limitations with implementing thin-film solar technology in space are
the manufacturing complexity, temperature sensitivity, and reduced durability and overall power
efficiency.

Recent research in thin-film solar technology is being conducted by institutions like the Korea
Institute of Energy Research (KIER), Uppsala University, and Helmholtz-Zentrum Berlin often in
tandem with perovskite cells for better efficiency. Researchers at KIER combined copper indium
gallium selenide (CIGS) and perovskite cells and achieved a power conversion efficiency of
23.64% (16)(15). CIGS semiconductor material is a highly efficient light absorber, and active
research at Uppsala University in Sweden is investigating a variety of implementation and
manufacturing techniques to maximize the solar cell efficiency (17).

Organic Solar Cells

Carbon-based organic photovoltaic technology is another outlet for the next generation aerospace
power generation. Organic electronics, polymers, or molecules absorb light and create a
corresponding charge. A small quantity of these materials can absorb a large amount of light
making them cheap, flexible, and lightweight. Improvements to organic solar cells’ durability and
lifespan for aerospace use are actively being developed and tested. Currently at the laboratory
level, organic solar cells achieve ~20% power conversion efficiency and there are promising
advancements in organic semiconducting materials and improved manufacturing strategies (18).

Researchers at the University of Michigan are studying how radiation affects different organic
solar cell designs, with the goal of identifying potential approaches to mitigate degradation in
complex polymer-based cells. The team identified a “trap effect” where proton exposure can
damage organic solar cells by breaking side chains and creating electron traps, capturing
electrons that would otherwise generate electricity. The team found that heating the cells (thermal
annealing) can repair cell damage, and they believe sun-facing solar cells in space could
potentially self-heal through natural heating (19).

No standardized stability tests are yet available for organic-based solar cell technology, and
challenges remain in creating simultaneous environmental influences that would permit an in-
depth understanding of organic photovoltaic behavior, but these achievements are enabling
progress in organic-based solar cell use.

3.3.2 Unitized Regenerative Fuel Cells

A primary fuel cell can be seen as an energy generation system in that it takes consumable
products, typically H2 and O2, to create electricity and water. This reaction is in a single direction,
complete when all reactants are consumed. Fuel cells for energy storage are appealing for their
lightweight, reliable qualities, and high energy conversion efficiency capabilities. They also allow
missions to launch with a safe, storable, low-pressure, and non-toxic fuel source, making them
more ideal for interplanetary missions and during eclipse periods. Primary hydrogen fuel cells
cannot be recharged and are not feasible for small spacecraft, though there is active development
for secondary regenerative fuel cells with promising applications in aerospace and military
systems.
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Like a rechargeable battery, unitized regenerative fuel cells (URFCs) is a single device that can
store and generate energy by transitioning between fuel cell (discharging) and electrolysis
(charging) modes. Researchers have experimented with different proton exchange membranes
to separate the hydrogen and electrolyzer finding that polymer electrolyte membrane fuel cells
could be well suited for space applications (20). The round-trip efficiency is a combination of the
electrolysis and fuel cell processes and varies depending on the specific material technology and
operating conditions.

Main limitations include designing the electrocatalyst to perform well under extreme operating
conditions (i.e., high voltage) in water electrolysis and self-regenerate; achieving appropriate
thermal management for the two different operating temperatures; and proper management of
water during each operation (electrolysis and fuel cell).

3.4  State-of-the-Art — Energy Storage

Solar energy is not always available during spacecraft operations due to orbital dynamics, mission
duration, distance from the Sun, and peak load demands, so spacecraft require onboard energy
storage usually via batteries. Batteries are classified by electrochemistry; primary (non-
rechargeable) and secondary (rechargeable) batteries, are each suited to different mission needs.
Today, lithium-based primary batteries such as lithium sulfur dioxide (LiSO,), lithium carbon
monofluoride (LiCFx), and lithium thionyl chloride LiISOCI, are preferred for their high energy
density; silver-zinc batteries are now considered legacy systems. Since their lifespan is low,
primary batteries are commonly applied in short mission durations and are not currently
considered state-of-the-art energy storage systems. Therefore, the rest of this section will focus
on secondary batteries only, with some exceptions.

Secondary-type batteries such as lithium-ion (Li-ion) and lithium polymer (LiPo) are now the
standard for modern aerospace and commercial applications, replacing older nickel-based
chemistries like nickel-cadmium (NiCd) and nickel-hydrogen (NiH.). Li-ion batteries use organic
liquid electrolytes and can reversibly convert electrical energy to chemical energy, making them
rechargeable, lightweight, and energy-dense—ideal for portable electronic devices, small tools,
and in spacecraft missions. In space missions, these batteries are often paired with a primary
energy source (e.g., solar arrays) to provide reliable, rechargeable power. For missions requiring
short, intense energy bursts, secondary batteries may also be preferred since they can reduce
overall system weight and still provide high power.

The primary limitation of high-power cells is safety. The manufacturing process of Li-based
batteries use flammable, liquid electrolytes that can trigger thermal runaway, potentially leading
to fire or explosion. This can occur due to several causes: damage, overheating, overcharging,
water exposure, or manufacturing defects. In space, the onboard energy storage must endure
extreme temperature fluctuations and high charge voltages, which accelerates degradation. Over
time, repeated charge/discharge cycles reduce total energy output (measured in Watt-hours).
Variables influencing this aging include temperature, charge/discharge rate, depth of discharge,
and storage conditions. These factors make life testing under mission-specific conditions
essential before launch to ensure the battery will meet the specific mission life requirements.

3.4.1 Secondary Li-ion Batteries

Rechargeable batteries are ubiquitous in small spacecraft, and the space industry has seen
incremental improvements in energy density over time. A high gravimetric energy density (energy
per unit mass) enables lighter batteries with equal or greater capacity, helping to minimize launch
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costs. Although battery selection for small spacecraft must consider more than just energy
density—safety, cycle life, power output, and environmental resilience are all equally vital.

Recent advancements include the incorporation of silicon in anodes, high-voltage cathodes, novel
electrolyte additives, and improved cell designs. This section reviews individual cell chemistries
and pre-assembled batteries from various manufacturers, each leveraging different lithium-based
chemistries to optimize weight and energy density. Table 3-3 lists battery pack products,
organized by specific energy to align with mass and volume constraints of the spacecraft.

Li-ion battery manufacturing is concentrated among a relatively small number of companies.
Listed in Table 3-3 are companies at the forefront of their respective sectors. While China has
some of the largest consumer electronics and EV battery manufacturers, their products are less
established in the space industry and are not included here.

Table 3-3: Commercial and Space Li-ion Manufacturers
Commercial Li-ion Manufacturing Space Li-ion Manufacturing

Company Headquarters Company Headquarters
Panasonic Japan EaglePicher Technologies USA
LG Chem South Korea Enersys USA
Samsung South Korea GS Yuasa Japan
E-one Moli Taiwan Saft France

Sony Japan Tesla USA

The chemistry and design of Li-based cells directly influence their volumetric and specific energy
densities—stored energy per unit volume or weight. Current commercial Li-ion energy cells
typically provide 150-270 Wh/kg and an average voltage of 3.6 V while advanced designs in
laboratory and high-altitude applications have approached or exceeded practical limits for Li-ion
systems at 450-500 Wh/kg (22). Amprius’ silicon anode batteries powered a high-altitude pseudo
satellite for 67 days in the stratosphere, delivering 450 Wh/kg (23). Lithium polymer (LiPo) cells
deliver a lower energy density (150-200 Wh/kg) and have a gel-like or solid electrolyte instead of
liquid, offering more flexibility in spacecraft form factor and slightly less weight. LiPo batteries may
have comparable performance to Li-ion batteries, however, their lifetime is typically shorter.

Secondary battery cells are often optimized for either high energy or high power, though hybrid
designs are emerging that aim to balance both, especially for electric aviation or drone
applications. High-power cells typically feature low-resistance designs, such as increased coating
surface area or multiple current collector contact points, enabling higher discharge rates. In
contrast, high-energy cells focus on maximizing gravimetric energy density to extract the most
energy per unit mass. To improve energy density, reduce safety risks, and lessen reliance on
traditional Li-ion chemistries, manufacturers incorporate additives to the anodes and cathodes
that enhance the electrochemical performance.

For space applications, both COTS and space-grade Li-based batteries are widely used. Unlike
consumer electronics, where shorter battery life may align with product turnover, space-grade
cells prioritize longevity. These cells often sacrifice energy density for better lifecycle to be able
to support missions lasting 5 to 15 years or more. However, degradation trends are not always
linear, and early test results may not predict long-term performance accurately.

COTS batteries have been successfully used in several CubeSat and nanosatellite missions due
to their low cost, while the specialized space-grade cells from dedicated aerospace manufactures
are designed specifically to operate reliably in extreme space environments. Emerging
technologies like lithium-sulfur (Li-S) batteries are under evaluation for future space missions due
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to their potential for even greater energy density. Environmental factors such as ambient
pressure, fluid exposure, and illumination further influence battery selection. Additional variables
that play a role in space are distance from energy source, relative location, and orbital gravity
(24)(25).

18650 Cells

The well-known COTS 18650 (18 x 65 mm) cylindrical cells are cost-effective, offer widespread
availability and proven performance. The 18650 battery is the industry standard for Li-ion and
numerous manufacturers have high-performance 18650 battery packs, most of which have flown
on multiple spacecraft and are documented in Table 3-4 below. 18650s have become the most
used building blocks for many SmallSats, although prismatic and pouch formats are also
available.

Another type of cylindrical cell is 21700 (21 x 70 mm) that has been more widely used in the
automotive industry. The 21700 cells are slightly larger than 18650 cells and have some of the
highest energy densities and could offer some mechanical packaging benefits with fewer cells for
certain missions. While there has been some implementation of 21700 batteries on SmallSats,
there is ongoing effort to improve the scalability of battery packs for space use with testing of
21700 cells (26).

Table 3-4: 18650 Cylindrical Cells

Cell Specific Energy (Wh/kg) Flight Heritage
Sony SE US18650 VTC4 250 Ingenuity Mars Helicopter
LG Chem ICR18650 B3 191-205 NASA’s PhoneSat, NoDES,
(2600 mAh) Europa Clipper
Panasonic NCR18650B 243 MarCO, ADAPT, BioSentinel,
(3350 mAh) Lunar Flashlight, NeaScout
Molicel 'C'fn?f)‘r’o'* (2200 182 NASA’s EDSN mission
Canon BP-930s (3000 mAh) 112 NASA’s TechEdSat missions
LG Chem INR18650-MJ1 , .
(3500 mAh) 260 NASA’s PACE mission
Samsung SDI INR18650-25R . e
(2500 mAh) 210 UNION/Lian-Hé mission
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Table 3-5: Battery (Pack) Product Table

Volumetric

Ener Specific Typical Max
Company Headauarters Product Denssi’t)),/ Energy Capacity | Discharge Cells Used
[Wh L] [Wh/kg] [Ah] Rate [A]
AAC Clyde Space Sweden Optimus 169.5 119.4 4.84 2.6 Clyde Space Li-Polymer
Aerospacelab Belgiom BM 380 i 14 12 (in / outy | 4 independent battery packs of
8 lithium-ion cells each
Astro Digital UsA Direct Energy Pack 187 144 10 50 21700 Li-lon
Argotech 'aly ELEKTRA 243.5 152.5 3.4 4 Li-lon
Berlin Spage Technologies BAT-1 10. Modular_ Battery 69.73 57 75 75 3 Li-Fe
ermany (Nominal 3 strings)
Dragonfly Aerospace 28-300-Battery Module 68.4 62 10 40 LiFePO4
EaglePicher Technologies NPD-002271 271 153.5 145 15 EaglePicher Li-ion
EnduroSat Bulgaria EPS IV (BMS) 222.9 178.1 33.5 100 Li-lon
Nanopower BPX 3000mA 262.2 172 6.0 4 GomSpace NanoPower Li-ion
GomSpace Penmark Nanopower BP4 3000mAh 239.8 168.8 6.0 4 GomSpace NanoPower Li-ion
Nanopower BP8 (8S-1P) 227.36 177.3 3.0 4 GomSpace NanoPower Li-ion
GUMUSH AeroSpace 'stanbul n-ART BAT 184.5 155.1 6.01 8 Li-lon
Ibeos YSA 28V Modular Battery 151.1 109.8 8 - 30+ 20 *
PBP-2S1P 129.1 156.5 6.4 4 Li-lon
ISISPACE The Nethertands PBP-2S2P 327.85 160 12.8 8 Li-lon
PBP-4S1P 327.85 160 12.8 4 Li-lon
NPC SPACEMIND 'aly KANON 167 250 13.6 6 Li-lon
Saft France VES16 4S1P 109.2 91 45 | Qoo SAFT Li-ion
SatRev S.A. Poland 1U battery pack -- 161 360 W 15 30
SkyLabs Stovenia SKY-NANOeps-BMM 103 89 up to 18 up to 54 LiFePO4
Space Dynamics SDL 12V Battery Pack 144 75 12.0 96 EaglePicher LP32975
Laboratory
Space Inventor Denmark Bat-28-P4 100 141.8 3.4 7.5A Space Inventor Li-lon
P Bat-14-P4 50 123.5 3.4 7.5A Space Inventor Li-lon
Vectronic Aerospace GmbH 10 — Cont. .
Germane VLB-X 101.96 74.6 12 20 — Pulse SAFT Li-lon

* Available with Inquiry to Manufacture
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3.5 On the Horizon — Energy Storage

Efforts to improve energy storage capability, power, and energy density continue as aerospace
systems expand beyond Earth environments. A way for researchers to characterize energy
storage is using a Ragone plot to show the non-linear relationship between the energy that can
be extracted from the storage and the discharge power (27). For energy storage systems, the
overall hierarchy is fundamentally the same since the last decade in terms of tradeoffs. Figure 3.6
is by researchers from the Chemical Society of Japan to illustrate the advancements in Li-based
technology, supercapacitors,

and solid-state battery A
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components  like battery

management systems (BMS) and thermal controls, research continues to push the performance
boundaries.

3.5.1 Nanomaterials

There has been sustained focus on renewable energy sources, and the accumulated research on
nanomaterial development and testing shows next-generation power (and thermal) systems will
incorporate nanomaterials. Fueled by the adoption of electric automotives, research using
nanomaterials as a main conductive additive for energy storage is rapidly emerging. There has
been tremendous development and testing of nanomaterials, and ongoing research— now
showing promising laboratory results—suggests next-generation power systems will include
them. A power system with integrated carbon nanotubes into Li-ion batteries can significantly
increase energy density (30); and recently researchers found that twisting ropes of single-walled
carbon nanotubes can significantly increase nanomechanical energy while retaining stability
across a wide temperature range (31).
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Graphene is being explored for space applications for its unique electrical properties that result in
enhanced durability and performance. A single layer of carbon, graphene is lightweight with high
electrical conductivity, flexibility, and mechanical strength, and is also impermeable to gas and
liquid (32). These qualities make graphene ideal for several uses on spacecraft power and thermal
management, and as a coating for spacecraft graphene can greatly enhance the heat transport
in conductive materials. Researchers have high interest in understanding how to implement
graphene-based batteries and supercapacitors for space applications.

The electrical properties of conducting polymer materials can improve battery performance and
are being examined for next generation additives or coatings for battery systems. Conductive
polymers have high structural flexibility that can accommodate the volume changes during battery
cycling when the doping type and concentration are modified (33). There exists a multitude of
research on the characterization of conducting polymers in various battery chemistries with
advantageous potential for space operations.

Electrolytic carbon fiber materials are emerging for spacecraft as multifunctional “structural”
battery systems that can bear mechanical loads while simultaneously storing energy. Being
integrated into the primary structure, this novel battery system significantly reduces mass, and
benefits from the electrical characteristics of carbon fiber-based electrodes. There has been
extensive research that supports the increased electrochemical performance and accuracy of the
computational models (34), though further development and testing of individual components is
needed to implement in space.

The manufacturing of nanomaterials for aerospace applications is a complicated process. Due to
the nature of nanomaterials, there are often inconsistencies during manufacturing where
attributes like uniformity, purity, and size distribution of individual nanoparticles are not uniform to
achieve desired properties/performances. Scaling up from lab to production requires precise
control over nanoparticle

morphology, alignment, and

integration into large-scale Charge
structures like spacecraft acceptance
bodies and satellites. Temperature
Additionally, the  current fange
performance of nanomaterial
technology cannot withstand Environment
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ultracapacitors) have limited
energy densities (~7 Wh/kg),

recent advancements Fiqure 3.9: Supercapacitor comparison chart. Credit: Airbus

leveraging  nanostructured pefense and Space and ESA (2016).
carbon materials have

achieved 60 Wh/kg (51). The very high power densities (10-100 kW/kg) of supercapacitors are
ideal for space operations requiring rapid power transients (i.e., ADCS control, propulsion, or
radar systems). Their fast charge/discharge capabilities, exceptional cycle life (over 1 million
cycles), and broad operational temperature range make them well-suited for spacecraft. While
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early ESA studies such as the 2010 “High Power Battery Supercapacitor Study” (54) and the 2020
qualification of the Nesscap 10F component laid the groundwork, recent ESA-backed research
(e.g., Swistor SA, 2024) has demonstrated next-generation supercapacitors with enhanced
energy density, thermal resilience, and environmental sustainability.

Although not likely to replace Li-ion batteries completely, supercapacitors could drastically
minimize the need for a battery and help reduce weight while improving performance in some
applications. Figure 3.9 shows a comparison chart (55), and Table 3-6 lists differences in Li-ion
batteries and supercapacitors (56). A hybrid energy storage system combining a Li-ion battery
and supercapacitor has been a niche area of research for over a decade. They provide a middle
ground between power density and energy density but suffer from limited life-cycles. Some
lithium-ion capacitors have demonstrated specific energies up to ~200 Wh/kg but are limited by a
maximum specific power of <350 Wh/kg (58).

Table 3-6: Battery-vs-Supercapacitor Specifications
Feature Li-lon Battery Supercapacitor
Gravimetric energy (Wh/kg) 150 — 265+ 5-20
Volumetric energy (Wh L) 220 — 450 4-14
Power density (W kg™) 1,500 3,000 — 40,000
Voltage of a cell (V) 3.6 27-3
ESR (mQ) 500 40 - 300
Efficiency (%) 80 —-95 >98
Cyclability (nb charges) 2,000 — 70,000 | 500,000 — 20, 000,000
Life (years) 5-10 10-15
Self-discharge (% per month) 2 40 — 50 (descending)
Charge temperature (°C) 0to 45 -40 to 65
Discharge temperature -20 to 60 -40 to 85
Deep discharge pb yes no
Overload pb yes no
Risk of explosion yes no
Charging 1 cell complex easy
Charging cells in series complex complex
Voltage on discharge stable decreasing
cost ($) per kW h 235-1,179 11,792

3.5.3 Solid-State Batteries

The flammable nature of the liquid electrolyte in conventional Li-ion configurations presents an
inherent risk of combustion, particularly in the event of physical damage or thermal runaway
caused by overcharging. To mitigate these risks, spacecraft often require additional weight for
thermal management and protective housings, which adds parasitic weight and complexity. In
contrast, solid-state batteries replace liquid electrolytes with non-flammable solid electrolytes that
maintain high ionic conductivity (42). These electrolytes, usually polymer-based, inorganic, and
polymer-inorganic composites, offer several benefits over traditional Li-based batteries like
improved safety, high energy and power density, greater thermal stability, mechanical flexibility,
and long-life cycle. For deep-space applications, solid-state batteries are being engineered for
radiation tolerance, vacuum compatibility, and mechanical robustness, often requiring trade-offs
in electrolyte composition or packaging design (42).

Researchers across the globe have developed various configurations like all-solid-state lithium-
ion batteries (ASSLBs), which replace both electrolyte and separator with a solid material. Solid-
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state lithium—sulfur batteries (SSLSBs) combines a lithium metal anode with a sulfur cathode and
solid electrolyte to achieve theoretical energy densities over 500 Wh/kg (43); and lithium metal
solid-state batteries with lithium metal as the anode for higher energy density, though this requires
careful engineering to prevent dendrite formation (45). Researchers at JAXA successfully
characterized ASSLB on the ISS for 434 days that confirms their potential application to space
exploration (44).

Despite the advantages of solid-state batteries, several challenges that must be addressed before
they can be reliably adopted in space. A primary concern is thermal management of the solid
electrolyte material under extreme conditions, which significantly impacts their electrochemical
performance. Solid electrolytes typically have lower thermal conductivity, making it difficult to
dissipate heat effectively. This can lead to localized hotspots, which degrade battery materials
over time. Additionally, the mismatch in thermal expansion coefficients of the various materials in
a solid-state-battery introduces mechanical stress during temperature fluctuations potentially
compromising structural integrity and performance (46). See Table 3-7 for examples of solid-
state batteries.

Table 3-7: Solid-State Batteries
Manufacturer Product Wh/kg Wh/L
Solid Power Silicon EV Cell 390 930
Solid Power Lithium Metal 440 930
Solid Power Conversion Reaction Cell 560 785
QuantumScape LFP (projected) 230 600
QuantumScape NMC (projected) 300 1000

3.5.4 Energy Storage Systems

A single energy storage unit that can store excess energy generated during periods of high
production and make it available during low production intervals is highly advantageous for both
terrestrial and space applications. A hybrid energy storage system (HESS) combines the high
energy density of batteries (usually Li-ion-based) with the high-power density and longer life cycle
of supercapacitors. The batteries provide primary energy storage, while the supercapacitor
handles peak power demands. This reduces stress on the battery, prevents degradation, and
improves power dissipation. Researchers from California State University, Northridge in
collaboration with JPL developed a passive HESS that was successfully operated on nanosatellite
CSUNSat-1in 2017 (47). While the only HESS technology in space, the advancements in HESS
technology have increased though mainly due to renewable energy sources for terrestrial
applications.

Designing a HESS for a space mission presents several technical challenges, including the need
to improve energy density and efficiency of storage technologies, ensure compatibility between
different power systems within a single unit, and manage high development cost (48). Critical
considerations include maintaining voltage compatibility and precisely controlling the charge and
discharge rate of the storage components to ensure system stability and performance (49). For
more detailed insights into ongoing development, interested readers are highly encouraged to
consult references (51)(52).
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3.6 State-of-the-Art — Power Management and Distribution

Power management and distribution (PMAD) systems—also called power conditioning and
distribution units (PDCUs)— regulate and distribute electricity to spacecraft subsystems and
instruments. PMAD systems are typically comprised of converters, power transfer circuitry, and
fault management functions. These systems are most often customized per mission with specific
power requirements to efficiently manage and distribute electrical power. From generation
through consumption, the PMAD unit delivers energy from energy sources—such as solar arrays
or batteries— and detects and isolates faults, protecting downstream components from transient
disturbances. Other core functions of the PMAD system are voltage regulation from the bus to
the different voltage requirements of the subsystems; load switching that enables/disables the
power to subsystems; and interfaces with the onboard computer to monitor temperature and
current.

An optimal PMAD architecture is fault-tolerant with high reliability and a small footprint. Traditional
small spacecraft EPS operate with a main battery bus voltage of 8.2 V and provide regulated
outputs at 5.0 V and 3.3 V to various subsystems via the PMAD system. However, modern small
spacecraft with high-power payloads (i.e., inter-satellite cross laser links, multispectral imaging,
synthetic aperture radars, loT constellations) have more than doubled the power requirement the
PMAD must handle(53). Newer converter designs with Gallium Nitride (GaN)-based power
converters can support a broader range of voltages, including 12V, 28V, and 50V (54).

To further support high-performance or deep space SmallSat missions, PMAD systems are
designed with enhanced shielding and fault-tolerant architectures. Aided by the rise of modular
and software defined architectures, scalable PMAD designs can provide commonality across all
the components in a spacecraft.

Modular Architecture

Modular architecture is ideal as it reduces mass and increases power. Shifting from fixed EPS
units to flexible, mission customizable PMAD systems drives more powerful and scalable
SmallSat capabilities.

Within NASA’s Mars Campaign Office, the Advanced Modular Power Systems (AMPS) project—
led by NASA Glenn Research Center—is developing a standardized space power system
architecture at the electronics-module level. This includes defining the form and function of
electronic modules (circuit cards) and modular electronic units that make up power system
components. The goals include reducing power-system maintenance operations, improving
system availability by minimizing outage and restoration times, and decreasing the number of
unique spare parts. Together, these advances help lower sparing mass and volume requirements,
which are essential for enabling sustainable exploration missions (55).

3.6.1 PMAD Selection Considerations

Key considerations in determining PMAD device selection often include conversion efficiency,
input/output voltage range, output power capabilities, and size, weight, and power (SWaP). These
metrics are critical to consider for good SmallSat PMAD designs, but it is important to note that
PMAD devices should be selected to match the specific application of the SmallSat mission.
SmallSat missions are often short and more flexible in terms of risk management than larger
satellites, and therefore lend themselves to greater flexibility in design choices. One must
leverage the benefits and risks to the mission at hand when choosing COTS PMAD systems,
which may include the following:
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e COTS PMAD may require less intensive integration and testing but may have drawbacks
to be addressed in a custom PMAD build

e Unnecessary features and peripherals (e.g., excess switching, fusing, current capability)
can greatly increase SWaP metrics on a SmallSat

e Variability in designs of COTS PMAD devices means that important features and
protections are not available in all devices (MPPT, Dead-bus protections, redundancy
mechanisms, etc.)

Due to the variability of COTS PMAD options, many choice considerations, from internal power
management topologies/materials to telemetry and protection options, are either included or
omitted from products depending on the manufacturer. Internal power regulation topologies have
traditionally been silicon-based, but relatively recent research into the performance improvements
of Gallium Nitride (GaN) topologies has increased the number of GaN-based PMAD options in
the consumer market with the following benefits over their silicon counterparts:

o Ability to achieve high switching rates and lower switching losses, allowing for the
downsizing of inductors and capacitors, and improving SWaP metrics

e Lack of gate oxide layer in GaN-based field-effect transistors yields improvements in overall
efficiency

It must also be noted that GaN-based PMAD options are not to be considered as drop-in
replacements for silicon-based PMAD options. Despite the number of performance
improvements, GaN architectures come with a variety of drawbacks including high complexity of
control circuitry and lack of flight heritage.

Additional considerations when selecting a PMAD device for small spacecraft include radiation
tolerance, especially for missions beyond LEO, and telemetry capabilities for real-time health
monitoring. As mission complexity increases, modular PMAD architectures are gaining popularity
for their scalability and ease of integration. Furthermore, thermal performance remains a critical
factor, particularly in high-density CubeSat designs where heat dissipation is limited.

Table 3-8 lists PMAD system manufacturers; it should be noted that this list is not exhaustive and
all information is taken from company websites and datasheets. Manufacturers tend to provide a
variety of PMAD devices for inclusion in small spacecraft missions. In looking at the table below,
one must note that there is no single COTS PMAD solution that can fit all needs of a mission at
hand. In appealing to a broad range of applications, most COTS PMAD devices make sacrifices
that can impact important metrics for SmallSats, including SWaP as well as the efficiency and
quality of the power being managed. In choosing to use COTS PMAD devices, designers and
system architects should be aware of, and try to minimize, unnecessary features not beneficial to
the mission.
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Table 3-8: Power Management and Distribution System Products

Peak Power Input Voltages Max
3
Company Product Mass (kg) |Volume (cm?) Output (W) (VDC) Output Voltages (VDC) Efficiency (%)
2NDSpace SOLO-EPS 4 0.465 428 104 16.8 3.3V; 5V, 12V; 16.8V 92
taly SOLO-EPS 8 0.67 606 160 16.8 33,5, 12, 16.8 92
Starbuck Micro | 2.45 3968 80.4 28 28/5 97
AAC Clyde Space S*esen | Starbuck Mini 59 13133 1200 * 22-34/5/8/12/15 g
Starbuck Nano | 0.086 140 ; g 3.3/5/12 g
Aerospacelab Begum PCDU 1635 1715.5 960 [0; 65] V v [4['175" 45'1225]6\]/ 12V >97
X33V,
PCDU VOLTA 0.97 600 100 18-22 X5V, and 2% 12V 75
Argotec e PCDU ZEUS 0.56 532 220 (Solar + 8.5-24 V 33Vi5V, 12V, 28V 85
battery power) (unregulated)
PCDU PHOENIX 1.5 1400 250 31-55 V 33Vi5V, 12V, 28V 85
(unregulated)
. . . standard:
Berlin Space Technologies| ey 119 1.08 1190 180 standard: 20-28 2x 12, 12x 5, 5x 3.8 .
ermany optional: 12, 15, 18 : i
optional: 1.8 — 28
SuperNova
Luxembour: -
Bradford Space 9 modular PCDU 2.9 3045 1500 22-34 3.3/5/12/unreg. batt 95
C3S Electronics EPS1000 0.811 748.5 70 6-25V SA 9.9-12.3V, 3.3V, 5.1V 90
Budapest _ -
Development LLC Bueep EPS2000 5.8 7000 2KW 6V 25\?&;’0 ov 28V unregulated 97
MicroEPS | 1.250~2.850% | 392~1045* | 292 in eclipse / 9-40 3.3/5/12 Batt >90
693 in sunlight
NanoEPS  |0.175~0.540% | 283~600* |20 Neclipse/ g o0 y/vy/3.18 (2) 3.3/5/12 Batt >93
124 in sunlight
o In su
DHV Technologies > | b JEpS  |0.110~0.315*| 140~197+ | 29 Ineclipse/ 318 3.3/5/12 Batt >93
74 in sunlight
Battery Module | ~3.1 ~2200 ~930 24 33.6 ]
PCDU 3439 | 4704~5720 =900 20~70 3.3/5/12 Batt >90
33 5650 .
Dragonfly Aerospace | T o K8 g EPS-LP-|(Cfg: EPS-LP-| 1500 29.7 (22 to 36) Battery Bus: 29.7 98
South Africa (PCDU) 12333) 12333) Regulated. 12/5
EPS-LP-1k5 + Battery Bus: 29.7
i 7 10170 4200 29.7 (22 to 36) oot 1315 95
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Table 3-8: Power Management and Distribution System Products

Peak Power Input Voltages Max
3
Company Product Mass (kg) |Volume (cm?) Output (W) (VDC) Output Voltages (VDC) Efficiency (%)
Dragonfly Aerospace EPS-LP-1k5 + Regulated: 28 /12/5
ey HPIU-48Y 10 11187 7200 49.5 (42 to 60) Battery Bus: 49.5 92
Ecarver GmBH Germany PCU-SB7 1.5 1800 250 0-24 0-24 85
Main 7.6V unreg/
. ODALISS Redundant 7.7V unreg/
S -
EmxysSpain PDCU 0.36 416.3 36 14-36 Regulated 3.3V/ 95
Regulated 5.0V
EPS I 1.28 742 250 10-36 3.3/5/6-12/Batt 89
EnduroSat Bulgaria CubeSat EPS 1-6 860-4000 500 0-45 3.3/5/12/Batt 87
EPS IV 4.5 7208 7200 0-70 12/28/Batt 90
P31U 0.1 127 30 0-8 3.3/5 96
GomSpace DPenmark P60 ** ** 100 16/32V 3.3/5/8/12/18/ 24 -
P80 360-610g * 350-586 300 0-25 3.3/5/12/18V & Vbat -
GUMUSH AeroSpace | arT EPS 0.098 160 100 4.5-30 3.3/5/8-36/Batt 94
190V SbeSat) g 14 124 150 18-42 3.3/5/12/Unreg Batt 95
Ibeos UsA 200Woubesall 914 124 200 12-34 3.3/5/12/Unreg Batt 9
Modular EPS | Starting at <1 Staﬁ'gg at | 500 —2,000 12-26 5/12/Unreg Batt 98
ICEPS2 Type A 0.184* 223 39.2 - 3.3/5/Unreg 96
ISISPACE The Netherlands | [CEPS2 Type B 0.31 275 78.4 - 3.3/5/Unreg 95
ICEPS2 Type C 0.36 317 78.4 - 3.3/5/28.2/Unreg 95
T . CubeSat EPS
Lithuania * * - -
Nanoavionics (EPS 1.0) 175 2.6-12 3.3/5/3-12 96
1Tor2X3.3
NPC SPACEMIND "aly GEMINI 0.3 215 200 10 to 24 oo 88
Reg up to 24V
Pumpkin Space Systems EPSM 1 0.3 180 300 4-32 3.3-28 99
USA AMPS 1.3 360 1200 5-32 - 99
EPS 3S51P 0.483 397 80 W 4.5-20 Unreg 9.6-12.6 > 05
SatRev S.A Poland EPS 3S2P 0.751 630 160 W 4.5-20 Unreg 9.6-12.6 > 95
EPS 3S3P 0.989 865 240 W 45-20 Unreg 9.6-12.6 > 95
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Table 3-8: Power Management and Distribution System Products

Company Product Mass (kg) |Volume (cm3) ?:tl:ozto m)r Inpu(t\x;)clzt)a ges Output Voltages (VDC) Eﬁicilr:c);(y (%)
SkyLabs Siovenia Sﬁgg\dﬁ‘;‘i‘fgj 0.2 216.125 72 10V Unreg 3.3, 5, 12, 10 Unreg 99
Spacemanic €zech Republic Amun 1U 0.2 175 20 ~25-55 3.3/5/Batt ~90
PDU-3V3 0.104 69 80W 12 to 33.6V 3.3V 95
Space Inventor Denmark PDU-5V 0.104 69 120W 12V to 33.6V 5.0V 95
PDU-12V 0.104 69 290 W 14V to 33.6V 12V 95
PDU-VBAT 0.104 69 1000W 12V to 33.6V 12V to 33.6V 99

* Available with inquiry to manufacturer
** Configuration dependent

T Standard Configuration

% Optional radiation shielding case

¥Flexible stacking options Standard options
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3.7  On the Horizon — Power Management and Distribution

Power management and distribution have been steadily improving each year due to
improvements in technology and the different investigative approaches to maximizing the
potential of PMAD systems. This includes modular architectures, wireless telemetry, and power
transmission options. However, as multi-satellite missions— such as constellations or swarms—
become more common, reliability concerns of PMAD systems are shifted from a single spacecraft-
level redundancy to constellation-level redundancy.

Wireless Power Transfer and Telemetry

In the commercial world, the technology already exists for wireless sensing and power
transmission from the order of microwatts, all the way up to kilowatts. In the realm of SmallSats,
wireless power transfer/detection would be useful as redundant options in dusty environments
where physical connectors can be contaminated, or in situations where hardware needs to be
swapped around and powered (battery swaps). While wireless power transfer/detection is highly
inefficient when compared to conventional means, research and development in this technology
for use in space applications has a lot of potential to increase the reliability and robustness of
SmallSat power management and distribution.

3.8 Summary

Driven by weight and mostly size limitations, small spacecraft are using advanced power
generation and storage technology such as >34% efficient solar cells and lithium-ion batteries.
The higher risk tolerance of the small spacecraft community has allowed both the early adoption
of technologies like flat lithium-polymer cells, as well as COTS products not specifically designed
for spaceflight. This can dramatically reduce cost and increase mission-design flexibility. In this
way, power subsystems are benefiting from the current trend of miniaturization in the commercial
electronics market, as well as from improvements in photovoltaic and battery technology.

Despite these developments, the small spacecraft community has been unable to use other, more
complex technologies. This is largely because the small spacecraft market is not yet large enough
to encourage the research and development of technologies like miniaturized nuclear energy
sources. Small spacecraft power subsystems would also benefit from greater availability of
flexible, standardized power management and distribution systems so that every mission need
not be designed from scratch. In short, today’s power systems engineers are eagerly adopting
certain innovative Earth-based technology (like lithium polymer batteries) while, at the same time,
patiently waiting for important heritage space technology (like fuel cells) to be adapted and
miniaturized. Despite the physical limitations and technical challenges these power generation
technologies have, most small nanosatellites in the foreseeable future will still likely carry batteries
to support transient loads.

For feedback solicitation, please email: arc-sst-soa@mail.nasa.gov. Please include a business
email so someone may contact you further.
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4.0 In-Space Propulsion
4.1 Introduction

In-space propulsion devices for small spacecraft are rapidly increasing in number and variety. A
surge in public and private investments in small spacecraft propulsion technologies, combined
with the immaturity of the overall small spacecraft market, has resulted in an abundance of
confusing, unverified, sometimes conflicting, and otherwise incomplete technical literature.
Furthermore, the rush by many device developers to secure market share has resulted in
uncertainty regarding the true readiness of these devices for mission infusion. As third parties
independently verify device performance, and end-users demonstrate these new devices in their
target environments, the true maturity, capability, and flight readiness of these devices will
become clearer. In the meantime, this report will attempt to reduce confusion by compiling publicly
described small spacecraft propulsion devices, identifying publicly available technical literature,
highlighting missions of potential interest, and organizing the data to improve comprehension.

4.1.2 Document Organization

This chapter organizes the state-of-the-art in small spacecraft propulsion into the following
categories:

1. In-Space Chemical Propulsion (4.6.1)
2. In-Space Electric Propulsion (4.6.2)
3. In-Space Propellant-less Propulsion (4.6.3)

Each of these categories is further subdivided by prevailing technology types. These subsections
organize each technology type as follows:

o

Technology Description

b. Key Integration and Operational Considerations
c. Current & Planned Missions

d. Summary Table of Devices

e. Notable Advancements

The organizational approach introduces each technology, outlines key integration and operational
considerations, highlights recent or planned missions that may advance flight readiness, and
tabulates procurable devices. Some sections also include an incomplete list of notable
advancements. While the key integration and operational considerations are not comprehensive,
they provide insights that may influence propulsion system decisions.

4.2 Public Data Sources and Disclaimers

This chapter is a survey of small spacecraft propulsion technologies discussed in open literature
and does not serve as an original source. As such, this chapter only considers literature found in
the public domain to identify and classify propulsion devices. Commonly used sources for public
data include manufacturer datasheets, press releases, conference papers, journal papers, public
filings with government agencies, and news articles.

This chapter summarizes device performance, capabilities, and flight history, as presented in
publicly available literature. Data not appropriate for public dissemination, such as proprietary,
export controlled, or otherwise restricted data, are not considered. Actual device maturity and
flight history may differ from what is documented herein. Device manufacturers should be
consulted for the most up-to-date and relevant data.
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This chapter’s primary data source is literature produced by device manufacturers. Unless
otherwise stated, do not assume independent verification of device performance. Performance
and capabilities described may be speculative or otherwise based on limited data.

The information presented is not intended to be exhaustive but rather to provide an overview of
the current state-of-the-art technologies and their development status. It should be noted that
technology maturity designations may vary with changes to payload, mission requirements,
reliability considerations, and/or the environment in which performance was demonstrated.
Readers are highly encouraged to reach out to companies for further information regarding the
performance and maturity of these products. There is no intention of mentioning certain
companies and omitting others based on their technologies or relationship with NASA.

The propulsion market is rapidly evolving, and the authors have limited time to thoroughly scour
public databases. We increasingly depend on device manufacturers to provide corrections to
NASA. Suggestions or corrections for this document should be submitted to the NASA Small
Spacecraft Virtual Institute Agency-SmallSat-Institute@mail.nasa.gov for consideration prior to
the publication of future issues.

4.3 Definitions

Device refers to a component, subsystem, or system, depending on the context.
Technology refers to a broad category of devices or intangible materials, such as
processes.

4.4 Technology Maturity
4.4.1 Application of the TRL Scale to Small Spacecraft Propulsion Systems

NASA has a well-established guideline for performing Technology Maturity Assessment (TMA),
described in detail in the NASA Systems Engineering Handbook (1). A TMA determines a device’s
technological maturity, which is usually communicated according to the NASA Technology
Readiness Level (TRL) scale. The TRL scale is defined in NASA Procedural Requirements (NPR)
7123 (2). The NASA Systems Engineering Handbook and NPR 7123 can be accessed through
the NASA Online Directives Information System (NODIS) library. Assessment of TRLs for
components, systems, or software allows for clear communication between technologists,
program managers, and other stakeholders regarding the maturity of a technology. Furthermore,
TRL is a valuable tool to communicate the risk associated with the infusing technologies into
programs. For TRLs to be applied across all technology categories, the NASA TRL definitions are
written broadly and rely on subject matter experts (SME) in each discipline to interpret
appropriately.

Recently, U.S. Government propulsion SMEs proposed an interpretation of the TRL scale
specifically for micro-propulsion. The Micro-Propulsion Panel of the JANNAF Spacecraft
Propulsion Subcommittee in 2019 published the JANNAF Guidelines for the Application of
Technology Readiness Levels (TRLs) to Micro-Propulsion Systems (3). The guideline was
updated in 2022 to reflect the latest community input (4). This guideline suggests an interpretation
of TRL for micro-propulsion and reflects both NASA and DoD definitions. The JANNAF panel
consisted of participants from the Air Force Research Laboratory (AFRL), Glenn Research Center
(GRC), Jet Propulsion Laboratory (JPL), and Goddard Space Flight Center (GSFC). The panel
received further feedback from the non-Government propulsion community. While this JANNAF
guideline focuses on micro-propulsion (e.g., CubeSats), it remains relevant for rigorously
assessing TRLs across the broader category of small spacecraft in-space propulsion. By
establishing a common interpretation of TRL for small spacecraft propulsion, technology maturity
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can be communicated more coherently and consistently between providers and stakeholders.
The JANNAF guideline is open to unlimited distribution and may be requested from the Johns
Hopkins University Energetics Research Group (JHU ERG). Ensure the use of the latest JANNAF
guideline, as the guideline may continue to evolve with further community input.

A fundamental limitation of the JANNAF guideline for TRL assessment, and TMA in general, is
the assumption of in-depth technical knowledge of the subject device. In the absence of detailed
technical knowledge, especially in a broad technology survey as presented herein, a TMA may
be conducted inaccurately or inconsistently. Furthermore, TRL assessment assumes an
understanding of the end-user application. The same device may be assessed as being at
different TRLs for infusion into different missions. For example, a device may be assessed at a
high TRL for application to low-cost small spacecraft in low-Earth orbits, while it may be assessed
at a lower TRL for application to geosynchronous communication satellites or NASA
interplanetary missions due to differences in mission requirements. Differences in TRL
assessment based on the operating environment may result from considerations such as thermal
environment, mechanical loads, mission duration, or radiation exposure. Propulsion-specific
variances between missions might include propellant type, total propellant throughput, throttle
set-points, burn durations, and the total number of on/off cycles. As such, an accurate TRL
assessment not only requires an in-depth technical understanding of a device’s development
history, including specifics on past flight qualification activities, but also an understanding of
mission-specific environments and interfaces. The challenge of assessing an accurate TRL in a
broad technology survey poses a significant burden on data collection, organization, and
presentation. Such activities are better suited for programs seeking to infuse new technologies
into their missions.

Given the rapid evolution of small spacecraft propulsion technologies and the variety of mission
environments, as well as generally limited technical details on devices in open literature, the
propulsion chapter implements a novel system to classify technical maturity according to Progress
toward Mission Infusion (PMI). This novel classification system is not intended to replace TRL but
serves as a complementary tool to provide initial insight into device maturity when the TRL scale
cannot yet be applied accurately and consistently. This novel classification system is discussed
in detail below.

Readers are strongly encouraged to perform more in-depth technical research on candidate
devices based on the most up-to-date information available, as well as to assess risk within the
context of their specific mission(s). A thoughtful TMA based on the examination of detailed
technical data through consultation with device manufacturers can reduce program risk and
increase the likelihood of mission success. This survey is not intended to replace the readers’
own due diligence. Rather, this survey and PMI seek to provide early insights that may assist in
down-selecting propulsion systems to a smaller set of candidate devices where an in-depth TMA
becomes feasible.

4.4.2 Progress Toward Mission Infusion (PMI)

Rather than directly assessing a device’s technical maturity via TRL, propulsion devices described
herein are classified according to evidence of progress toward mission infusion. This is a novel
classification system first introduced in this survey. Assessing the PMI of devices in a broad
survey, where minimal technical insight is available, may assist with down-selecting propulsion
devices early in mission concept development. Once a handful of devices are identified as
possible solutions for a specific mission concept, a detailed TMA and rigorous TRL assessment
should be conducted. The PMI classification system sorts devices into one of four broad
technology development categories: Concept, In-Development, Engineering-to-Flight, and Flight-
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Demonstrated. The following sections describe the PMI classification system in detail.
Furthermore, Figure 4.1 summarizes the PMI classifications.

Concept, ‘C’

The Concept classification reflects devices in an early stage of development, characterized by
feasibility studies and the demonstration of fundamental physics. Concept devices typically align
with the NASA TRL range of 1 to 3. At a minimum, these devices are established as scientifically
feasible, perhaps through a review of relevant literature and/or analysis. These devices may even
include experimental verification that supports the validity of the underlying physics and notional
designs. While Concept devices are generally not reviewed herein, noteworthy concept devices
will be classified in tables with a ‘C’.

In-Development, ‘D’

The In-Development classification reflects most devices being actively matured by industry, where
only a modest number of devices may progress to spaceflight. In-Development devices typically
align with the NASA TRL range of 4 to 5. While In-Development devices may have specific
applications identified by their developers, no selection for a specific mission has been publicly
announced. In the absence of a specific mission, device development activities typically lack
rigorous system requirements and independent requirement validation. Furthermore, qualification
activities conducted in the absence of a specific mission typically require delta-qualification to
address mission-specific requirements. At a minimum, In-Development devices are low-fidelity
devices that have been operated in an appropriate environment to demonstrate basic functionality
and support prediction of the device’s ultimate capabilities. They may even be medium- or high-
fidelity devices operated in a simulated final environment, but lacking a specific mission pull to
refine requirements and develop a robust qualification program. They may even be medium- or
high-fidelity devices operated in a spaceflight demonstration but lack sufficient fidelity or
demonstrated capability to reflect the anticipated final product. These devices are typically
described as a technology push, rather than a mission pull. In-Development devices will be
classified in tables with a ‘D’.

Engineering-to-Flight, ‘E’

The Engineering-to-Flight classification reflects devices with a publicly announced spaceflight
opportunity. This classification does not necessarily imply greater technical maturity than the In-
Development classification, but it does assume the propulsion device developer receives mission-
specific requirements to guide final development and qualification activities. Furthermore, the
Engineering-to-Flight classification assumes a mission team performed due diligence in the
selection of a propulsion device, and the mission team regularly validates that the propulsion
system requirements are met. Thus, while the PMI classification system does not directly assess
technical maturity, there is an underlying assumption of independent validation of mission-specific
requirements, where a mission team directly considers technical maturity in the process of device
selection and mission infusion. Engineering-to-Flight devices typically align with the NASA TRL
range of 5 to 6. At a minimum, these are medium-fidelity devices that have been operated in a
simulated final environment and demonstrate key capabilities relative to the requirements of a
specific mission. These devices may even be actively undergoing or have completed a flight
qualification program. These devices may even include a spaceflight, but in which key capabilities
were not demonstrated or further engineering is required. These devices may even include
successful spaceflights, but the devices are now being applied in new environments or platforms
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Concept, 'C’
- At minimum, an idea has been established as scientifically feasible.
- May even include experimental verification of the underlying physics.
- May even include notional device designs.
- Approximately aligns to NASA TRL 1-3

In-Development, 'D’

- At minimum, a low-fidelity device that has been operated in an appropriate environment to
demonstrate the basic functionality and predict the ultimate capabilities.

- May even be a medium- or high-fidelity device operated in a simulated final environment, but the
device lacks a specific mission pull to define requirements and a qualification program.

- May even be a medium- or high-fidelity device operated in a flight demonstration, but the device
lacks sufficient fidelity or demonstrated capability to reflect the anticipated final product.

- Approximately aligns to NASA TRL 4-5

Engineering-to-Flight, 'E'
- At minimum, a medium-fidelity device that has been operated in a simulated final environment and
demonstrates key capabilities relative to the requirements of a specific mission.
- May even include a qualification program in-progress or completed.
- May even include a spaceflight, but the device fails to demonstrate key capabilities.

- May even include a successful spaceflight, but the device is now being applied in a new
environment or platform, necessitating a delta-qualification.

- A specific mission opportunity must be identified in open literature.
- Approximately aligns to NASA TRL 5-6

Flight-Demonstrated, 'F’

- At minimum, a high-fidelity component or system (fit, form, and function) that has been operated in
the intended in-space environment (e.g., LEO, GEO, deep space) on an appropriate platform,
where key capabilities have been successfully demonstrated.

- May even be a final product that has completed a mission (not strictly a technology demonstration).
- May even be a product in repeat production and routine use for a number of missions.

- A successful spaceflight must be identified and the outcome described in open literature.

- Approximately aligns to NASA TRL 7-9

Figure 4.1: Progress toward mission infusion (PMI) device classifications. Credit: NASA.

that necessitate design modifications and/or delta-qualification. These devices must have one or
more mission documented in open literature. Engineering-to-Flight devices will be classified in
tables with an ‘E’.

Flight-Demonstrated, ‘F’

The Flight-Demonstrated classification reflects devices where a successful technology
demonstration or genuine mission has been conducted and described in open literature. Flight-
Demonstrated devices typically align with the NASA TRL range of 7 to 9. These devices are high-
fidelity components or systems (in fit, form, and function) that have been operated in the target
in-space environment (e.g., low-Earth orbit, GEO, deep space) on an appropriate platform, where
all key capabilities were successfully demonstrated. These devices may even be final products,
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that have completed genuine missions (not flight demonstrations). These devices may even be in
repeat production and routine use for several missions. The devices must be described in open
literature as successfully demonstrating key capabilities in the target environment to be
considered Flight-Demonstrated. If a device has flown, but the outcome is not publicly known, the
classification will remain Engineering-to-Flight. Flight-Demonstrated devices will be classified in
tables with an ‘F’.

4.5 Overview of In-Space Propulsion Technology Types

In-space small spacecraft propulsion technologies are generally categorized as (i) chemical, (ii)
electric, or (iii) propellant-less. This chapter surveys propulsion devices within each technology
category. Additionally, liquid-propellant acquisition and management devices are reviewed as an
important component of in-space propulsion systems. Although other key subsystems have not
yet been reviewed, such as power processing units, they may be included in future updates of
this publication. Table 4-1 lists the in-space propulsion technologies reviewed. Figure 4.2
graphically illustrates the range of thrust and specific impulse for these small spacecraft
propulsion devices. The thrust and specific impulse ranges provided in Table 4-1 and Figure 4.2
only summarize the performance of small spacecraft devices covered in this survey and may not
reflect the broader capability of the technologies beyond small spacecraft or the limits of what is
physically possible with further advancement. Furthermore, propulsion systems are often highly
throttleable, and the devices surveyed herein may in many cases be capable of offering
performance beyond the ranges presented in Table 4-1.

Chemical systems have enabled in-space maneuvering since the onset of the space age, proving
highly capable and reliable. These include hydrazine-based systems, other mono- or bipropellant
systems, hybrids, cold gas systems, and solid propellants. Typically, these systems are used
when high thrust or rapid maneuvers are required. As such, chemical systems continue to be the
in-space propulsion technology of choice when their total impulse capability is sufficient to meet
mission requirements.

On the other hand, the application of electric propulsion devices has been historically more
limited. While electric propulsion can provide an order of magnitude greater total impulse than
chemical systems, research and development costs have typically eclipsed those of comparable
chemical systems. Furthermore, electric propulsion generally provides thrust-to-power levels
below 75 mN/kW. Thus, a small spacecraft capable of delivering 500 W to an electric propulsion
system may generate no more than 38 mN of thrust. Therefore, while the total impulse capability
of electric propulsion is generally considerable, these systems may need to operate for hundreds
or thousands of hours, compared to the seconds or minutes required by chemical systems to
achieve a similar impulse. That said, the high total impulse and low thrust requirements of many
applications, such as station keeping, have maintained steady investment in electric propulsion
over the decades. Only in recent years has the mission pull for electric propulsion reached a
tipping point where it has overtaken chemical for specific in-space applications. Electric propulsion
system types considered herein include electrothermal, electrospray, gridded ion, Hall-effect,
pulsed plasma and vacuum arc, and ambipolar.

Propellant-less propulsion technologies such as solar sails, tethers, electric sails (and plasma
brakes), and aerodynamic drag devices have long been investigated, but they have yet to move
beyond small-scale demonstrations. However, growing needs such as orbital debris removal may
offer compelling future applications.

Some notable categories are not covered in this survey, such as nuclear in-space propulsion
technologies. While substantial investment continues in such areas for deep space science and
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human exploration, such technologies are generally at lower TRL and typically aim to propel
spacecraft substantially larger than the 180 kg wet mass limit considered in this report.

Whenever possible, this survey considers complete propulsion systems, which are composed of
thrusters, feed systems, pressurization systems, propellant management and storage, and power
processing units, but not the electric power supply. However, for some categories, components
(e.g., thruster heads) are mentioned without consideration of the remaining subsystems
necessary for full implementation. Depending on the device’s intended platform (i.e., NanoSat,
MicroSat, SmallSat), the propulsion system may be either highly integrated or distributed within
the spacecraft. As such, it is logical to describe highly integrated propulsion units at the system
level, whereas components of distributed propulsion systems may be logically treated at the sub-
system level, where components from a multitude of manufacturers may be mixed and matched
to create a unique mission-appropriate propulsion solution.

Table 4-1: Summary of Propulsion Technologies Surveyed

Specific Impulse

Technology Thrust Range Range [sec]

4.6.1 CHEMICAL PROPULSION TECHNOLOGIES

Hydrazine Monopropellant 0.25-28N 180 — 285
Alternative Mono- and Bipropellants 50 mN - 22 N 150 - 310
Hybrids 8-222N 215-300

Cold Gas 10 uN-3.6 N 40 -110

Solid Motors 37 -461 N 187 — 269

Propellant Management Devices - -
4.6.2 ELECTRIC PROPULSION TECHNOLOGIES

Electrothermal 01mN-1N 20 - 350
Electrosprays 20 yN — 20 mN 225 -3,000
Gridded lon 0.1-20 mN 500 — 3,000
Hall-Effect 0.25-55mN 200 - 1,920
Pulsed Plasma and Vacuum Arc Thrusters 4 — 500 uN 87 — 3,200
Ambipolar 0.5—-17 mN 400 - 1,100
4.6.3 PROPELLANTLESS PROPULSION TECHNOLOGIES
Solar Sails TBD -
Tethers TBD -
Electric Sails TBD -
Aerodynamic Drag TBD -
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Figure 4.2: Typical small spacecraft in-space propulsion trade space (thrust vs. specific impulse).
Credit: NASA.

4.6 State-of-the-Art in Small Spacecraft Propulsion
4.6.1 In-Space Chemical Propulsion

In-space chemical propulsion systems represent the most well-established of the space
propulsion technologies. Chemical propulsion systems generate thrust by accelerating high-
pressure gas, created by combustion or propellant decomposition and accelerated through a
nozzle to supersonic speeds. Chemical propulsion systems are designed to satisfy high-thrust
impulsive maneuvers. They offer lower specific impulse compared to their electric propulsion
counterparts but have significantly higher thrust-to-power ratios.

Hydrazine Monopropellant
a. Technology Description

Hydrazine monopropellant systems use catalyst structures (such as S-405 granular catalyst) to
decompose hydrazine to produce hot gases. Hydrazine thrusters and systems have been in
extensive use since the 1960s. The low mass and volume of many heritage hydrazine propulsion
systems make them suitable for small spacecraft buses, and some hydrazine thrusters used on
large spacecraft may be appropriate as the main propulsion system for small spacecraft.
Hydrazine thrusters typically achieve a specific impulse between 200-235 seconds for 1-N class
or larger thrusters.

67



National Aeronautics and Space Administration

b. Key Integration and Operational Considerations

o Extensive Flight Heritage: Since hydrazine has been used extensively in spaceflight
applications, the technology’s traits are well understood (5).

o Extensive Component Ecosystem: A robust ecosystem of components and experience
exists because hydrazine systems are widely used. As such, hydrazine propulsion
systems are frequently customized for specific applications using the available
components.

o Multiple Cold Restarts: These systems have typically been qualified for multiple cold
starts.

o Extensive Safety and Handling Requirements: Hydrazine and its derivatives are
corrosive, toxic, and potentially carcinogenic. Its vapor requires the use of Self-Contained
Atmospheric Protective Ensemble (SCAPE) suits. This overhead must be considered
when planning ground-processing workflows for spacecraft and may impose undesirable
constraints on the spacecraft, the launch provider, or other spacecraft participating in the
same launch opportunity. Hydrazine propulsion systems typically incorporate redundant
serial valves to prevent spills or vapor leaks, which might harm ground personnel or
hardware.

c. Current & Planned Missions

ArianeGroup has developed a 1-N class hydrazine thruster that has extensive flight heritage,
including use on the ALSAT-2 small spacecraft (6) (7). The company also offers a 20-N hydrazine
thruster with extensive flight history, although not with small spacecraft.

Aerojet-Rocketdyne (L3Harris company) has several small hydrazine thrusters with extensive
flight histories. The 0.09-N MR-401, 1-N MR-103 series, 4-N MR-111G, and the 22-N MR-106L
hydrazine thrusters are flight proven (8) (9) (10). In addition to four MR-107S 222-N thrusters, the
OSIRIS-Rex spacecraft propulsion system has six MR-106L, sixteen MR-111G, and two MR-401
thrusters (11).

Moog has the 1-N MONARC-1, 5-N MONARC-5, and 22-N MONARC-22 series hydrazine
thrusters (12). These thrusters have decades-long flight histories, although primarily as attitude
control thrusters in larger satellites. NASA JPL’s Soil Moisture Active/Passive (SMAP) spacecraft
used eight MONARC-5 thrusters (13).

Northrop Grumman has a line of hydrazine thrusters with long flight histories as attitude control
thrusters for larger satellites. The thruster line includes the 0.4-N MRE-0.1, 4.4-N MRE-1.0, and
18-N MRE 4.0 (14).

Rafael offers 1-N, 5-N, and 25-N flight proven hydrazine thrusters (15).

IHI Aerospace offers the 1-N MT-9, 4-N MT-8A, and 20-N MT-2 flight proven hydrazine thrusters
(16).

Stellar Exploration Inc. developed a customizable propulsion system for small satellites. A pump-
fed hydrazine monopropellant version was supplied for the EchoStar EG3 spacecraft and the
Cislunar Autonomous Positioning System Technology Operations and Navigation Experiment
(CAPSTONE) spacecraft. The EchoStar nanosatellite built by Tyvak has been successfully
commissioned and placed in orbit (17). The CAPSTONE spacecraft was similarly built by Tyvak
and launched on a Rocket Lab Electron from New Zealand on 28 June 2022. The CAPSTONE
spacecraft is a 12U, 25 kg CubeSat that will help reduce risk for future lunar spacecraft by
validating navigation technologies and verifying the dynamics of a halo orbit. Although
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CAPSTONE experienced communication and propulsion challenges during the mission, the
spacecraft achieved the expected lunar orbit (18) (19) (20).

d. Summary Table of Devices

See Table 4-2 for current state-of-the-art hydrazine monopropellant devices applicable to small
spacecraft.

Alternative Monopropellants and Bipropellants
a. Technology Description

For the past several decades, Earth-storable propellants (i.e., storable at room temperature) have
dominated in-space chemical propulsion systems, hydrazine for monopropellants and nitrogen
tetroxide with either monomethylhydrazine or hydrazine for bipropellants. These propellants have
the advantages of being ambient-temperature liquids (thus not requiring extensive thermal
management) and easy to ignite (catalyst for hydrazine, hypergolic for bipropellants). However,
due to the extensive handling and toxicity concerns of conventional chemical propellants, more
propulsion systems using alternate propellants have been developed and adopted. Often
described as “green” propellants, these alternative propellants are not necessarily benign but are
not vapor hazards like conventional Earth-storable propellants and thus do not require specialized
suits and breathing apparatus for handling.

Alternative monopropellants based on ionic liquids have received extensive technological
development in recent years and have matured to flight-ready status. lonic liquid monopropellants
are ionic salts dissolved in water and blended with a fuel. Catalysts react the aqueous ionic salt
and fuel blend for combustion. Thus, these formulations are not true monopropellants, since they
have fuel and oxidizer components, but they are functionally no different than monopropellants.

The two mature ionic liquid monopropellant blends are LMP-103S, which is based on ammonium
dinitramide (ADN) and ASCENT (Advanced Spacecraft Energetic Non-Toxic), formally referred
to as AF-M315E, which is based on Hydroxylammonium Nitrate (HAN). These monopropellants
do not present a vapor hazard and can be handled with conventional personal protection
equipment (gloves, face shield). Depending on the formulations, they can also offer higher specific
impulse and higher density-specific impulse than monopropellant hydrazine. The challenges with
ionic liquid monopropellants are that their catalysts require more preheating than hydrazine and
their higher combustion temperatures require higher temperature, more expensive catalyst and
chamber materials. The ionic liquid monopropellants are not drop-in replacements for hydrazine,
although their propulsion system components are similar.

Hydrogen peroxide is a high-density liquid that can be catalytically decomposed exothermically
like hydrazine. Hydrogen peroxide does not present a vapor hazard, although high concentrations
(>90%) can rapidly react with impurities in storage containers. Hydrogen peroxide was used
extensively in the early days of space propulsion before losing favor to higher-performing
hydrazine. It is now being examined again as a nontoxic alternative to hydrazine. Development
efforts have focused on high-test peroxide (HTP), which has concentrations from 85-98%.

Green bipropellant combinations have also been developed, particularly for small spacecraft
propulsion. For example, hydrogen peroxide and nitrous oxide have been explored as an oxidizer
with alcohol as the fuel. Another example is an electrolysis system that breaks down liquid water
into gaseous hydrogen and oxygen, which serve as fuel and oxidizer, respectively.
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b. Key Integration and Operational Considerations

¢ Improved Hazard Safety Classifications: Air Force Range Safety AFSPCMAN91-710
(21) requirements state that if a propellant is less prone to external leakage, which is often
seen with the ionic liquid “green” propellant systems due to higher viscosity, then the
hazardous classification is reduced. External hydrazine leakage is considered
“catastrophic,” whereas using ionic liquid green propellants reduces the hazard severity
classification to “critical” and possibly “marginal” per MIL-STD-882E (Standard Practice
for System Safety) (22). A classification of “critical” or less only requires two seals to inhibit
external leakage, meaning no additional latch valves or other isolation devices are
required in the feed system (22). While these propellants are not safe for consumption,
they have been shown to be less toxic compared to hydrazine. This is primarily due to
green propellants having lower vapor pressures, being less flammable, and producing
more benign gases (such as water vapor, hydrogen, and carbon dioxide) when
combusted.

o Simplified Safety and Handling Requirements: Fueling spacecraft with green
propellants, generally permitted as a parallel operation, may require a smaller exclusion
zone, allowing for accelerated launch readiness operations (23). These green propellants
are also generally less likely to undergo exothermic decomposition at room temperature
due to higher ignition thresholds. Therefore, they require fewer inhibit requirements, fewer
valve seats for power, and less stringent storage temperature requirements. The reduced
hazard associated with some of these propellants may enable projects to take a Design
for Minimum Risk (DFMR) approach to address propulsion system safety concerns, but
only with the support of associated range and payload safety entities.

o Immature Component Ecosystem: While there are thrusters that are relatively mature,
incorporating them into integrated propulsion systems is challenging, and the maturity of
standalone propulsion systems has lagged the pace of component development.
Historically, research and development efforts, such as Small Business Innovation
Research (SBIR) efforts, have focused on component development, and not the entire
system. Efforts are now being made to focus on the development of system solutions.
Most of these non-toxic propellants are still in some phase of development. Additionally,
data on the propellants are widely restricted. Therefore, a comprehensive, public, peer-
reviewed database of compatible materials does not currently exist, and prospective
system developers using these propellants may have difficulty accessing such data to
guide their efforts.

e Other Considerations for Green Propellants: Other “green” propellants such as
Hydrogen Peroxide, High Test Peroxide (HTP), and HTP/Alcohol bipropellants also have
their own unique handling considerations. For instance, HTP is a strong oxidizer and can
exothermically decompose rapidly if improperly stored or handled. Hydrogen Peroxide,
however, has been used as a rocket propellant for many decades, and there is extensive
information on safe handling, materials selection, and best practices. Electrolyzed water
is another propellant option, wherein water is decomposed into hydrogen and oxygen and
combusted as a traditional bipropellant thruster. However, generating and managing the
power required to electrolyze the water in a compact spacecraft presents unique
challenges. Yet it does provide a safe-to-launch system with very benign constituents.
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c. Current & Planned Missions

ECAPS offers a range of High-Performance Green
Propulsion (HPGP) thrusters, including the LMP-103S
(Figure 4.3), at 100-mN, 1-N, 5-N, and 22-N thrust
levels. The 1-N HPGP thrusters were first j
demonstrated on orbit in the Prototype Research
Instruments and Space Mission technology
Advancement (PRISMA) mission completed in June
2011: PRISMA (_:onsisted of two small satellites, each Figure 4.3: ECAI-DS‘_ HPGP  thruster.
carrying hydrazine and HPGP systems to enable a Credit: Bradford ECAPS

side-by-side comparison of their performance (24). ’ ’

ECAPS developed an LMP-103S based propulsion system for a constellation of Earth observing
satellites, called SkySat. SkySat has a propulsion system that uses four 1-N HPGP thrusters. As
of 2018, thirteen SkySat satellites with the ECAPS propulsion system had been launched and
were fully operational (25).

The ECAPS LMP-103S propulsion system is also
used on the Autoscale demonstration of rendezvous
technologies called ELSA-d, which launched in March
2021. ELSA-d has eight 1-N ECAPS HPGP thrusters
to provide re-orbiting and de-orbiting capability. A
system issue impacted three of the eight ECAPS
thrusters and an unresolved root cause resulted in the
loss of a fourth thruster. Nevertheless, many mission
goals were successfully accomplished, improving the
provider’s readiness for offering a commercial deorbit
service (26).

VACCO provided a hybrid Micro Propulsion System
(MiPS) for the ArgoMoon 6U CubeSat built for the
Italian Space Agency. The ArgoMoon MiPS, Figure
4.4, has an ECAPS 100mN LMP-103S thruster with
four VACCO 25-mN R134a cold gas thrusters. Figure 4.4: ArgoMoon hybrid Micro
ArgoMoon was successfully deployed in the Artemis | Propulsion System. Credit: VACCO.
mission in November 2022 (27) (28) (29).

Aerojet-Rocketdyne  built the ASCENT-based
propulsion system for the NASA Green Propellant
Infusion Mission (GPIM). GPIM was an on-orbit
demonstration of the ASCENT (then called AF-
M315E) propulsion system, using five 1-N thrusters
(Figure 4.5) for small attitude control maneuvers (30).
GPIM was integrated into a small spacecraft bus (Ball
Aerospace’s BCP-100) and launched in June 2019 as
a secondary payload on a Falcon Heavy. The five s,

thrusters were successfully fired in space, across a _. . .
range of operating modes, demonstrating attitude Figure 4.5: GR1 thruster. Credit: Aerojet.
control and orbital inclination change capability (31).
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The Lunar Flashlight Propulsion System (LFPS),
an ASCENT based propulsion system, was
developed for the JPL Lunar Flashlight mission
(32). Lunar Flashlight (Figure 4.6) was launched
as a secondary payload in a December 2022
Falcon 9 launch, to map the lunar south pole for
volatiles. LFPS was a pump-fed monopropellant
system, using four 0.1-N ASCENT thrusters
(Figure 4.7) built by Rubicon Space Systems (a
division of Plasma Processes) and a micro-pump
built by Flight Works Inc. The propellant
management system was fabricated using additive
manufacturing. During the first few days of flight, it Figure 4.6: Lunar Flashlight Propulsion
was found that three of the four thrusters were System. Credit: NASA.

underperforming. Based on ground testing, it was
thought the underperformance might have been
caused by obstructions in the propellant lines that
limited propellant flow to the thrusters.
Improvements were seen by increasing fuel pump
pressure to clear the suspected obstructions.
However, the effort was not sufficient to keep the
spacecraft in the vicinity of the Moon, and the
mission was terminated in May 2023 (33).

Benchmark Space Systems offers thrusters that Figure 4.7: Rubicon 0.1N ASCENT thruster.
can be used with High Test Peroxide (HTP) as a Credit: NASA MSFC.

monopropellant or as an oxidizer in a bipropellant
combination with fuel. Benchmark provided a
bipropellant Halcyon Avant propulsion system
(Figure 4.8) that uses four 22-N thrusters using
HTP and isopropyl alcohol for the Sherpa-LTC2
orbital transfer vehicle (OTV) (34). The Sherpa-
LTC2 was launched on a Falcon 9 in September
2022. The OTV was used to elevate the orbit of the
Varuna Technology Demonstration Mission
satellite (35). In June 2021, three monopropellant
HTP Halcyon systems were launched aboard the
SpaceX Transporter 2 rideshare mission. One of
the systems debuted Orbit Fab’s RAFTI refueling
kit as part of their Tenzing mission. The other two
missions supported an undisclosed mission
partner (36).

CisLunar Explorer, part of a NASA Centennial

Challenges program, will use a water electrolysis

propulsion system developed by Cornell [igure 4.8: Halcyon Avant (Sherpa-LTC2
University’s Space Systems Design Studio on a Configuration).  Credit  Benchmark  Space
pair of 3U CubeSats. In this system, the water is SYStems.

electrolyzed in the propellant tank. The gaseous hydrogen/gaseous oxygen mixture is flowed
through a flame arrestor into the combustion chamber, where it is ignited by a glow plug (37). The
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CubeSat was originally intended to be launched on Artemis [, but difficulties during integration
bumped it from the mission (38) (39).

NASA’s Small Spacecraft Technology (SST)
program at Ames Research Center (ARC)
launched the first Pathfinder Technology
Demonstration (PTD) mission in January 2021
(40) (41). PTD-1 (Figure 4.9) tested the HYDROS-
C water electrolysis propulsion system, developed
by Tethers Unlimited Inc. With a volume less than
2.4U, the HYDROS-C uses water as propellant. In-
orbit, water was electrolyzed into oxygen and
hydrogen, then combusted like a traditional
bipropellant thruster. Limited performance data
has been evaluated and made public (42). The
system requires 10-15 minutes of recharge time
between pulses. A variant of the HYDROS-C

system is the HYDROS-M system, which is _. ] .
intended to be sized for MicroSats. Tethers Zggf 4.9: PTD-1 HYDROS-C. Credit

Unlimited became a subsidiary of ARKA Group LP
in 2020.

NanoAvionics developed an ADN-based monopropellant
propulsion system under the Enabling Propulsion System
for Small Satelltes (EPSS) program. The EPSS
monopropellant  system was demonstrated on
LituanicaSAT-2, a 3U CubeSat, to correct orientation and
attitude, avoid collisions, and extend orbital lifetime.
LituanicaSAT-2 was launched in June 2017 and
successfully separated from the primary payload
(Cartosat-2) as part of the European QB50 initiative.
According to product literature, multiple missions have
since launched (43) (44).

Dawn Aerospace has developed the CubeDrive
bipropellant (nitrous oxide and propylene) system that
consists of a single B1 thruster, propellant tank, valves,
and electronics. The thruster can also be operated in cold
gas mode (for smaller impulse bits) by not engaging the spark igniter. The 0.8U (Figure 4.10) to
4U configurations provide 425 to 3,500 N-s of total impulse, respectively (45).

Figure 4.10: CubeDrive. Credit:
Dawn Aerospace.

d. Summary Table of Devices

See Table 4-3 for the current state-of-the-art in other mono- and bipropellant devices applicable
to small spacecraft.
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e. Notable Advances

CU Aerospace (CUA) has developed the Monopropellant
Propulsion Unit for CubeSats (MPUC) system, Figure 4.11
(46). The monopropellant is an HOz-ethanol blend
denoted as CMP-X. Tests on a thrust stand with a bladder-
fed propellant tank demonstrated continuous thrust for
greater than 50 minutes at a thrust level of 250 mN and
specific impulse of 179 s with an average input power of
~6 W during catalyst warmup. 1.5U and 2U system
designs have an estimated 1400 N-s and 2120 N-s total
impulse, respectively. A ~900°C flame temperature allows
the thrust chamber to use nonrefractory construction
materials. CMP-X has low toxicity and was subjected to
UN Series 1, 2, 3, and 6 testing; CMP-X demonstrated no
detonation propagation when confined under a charge of
high explosive, it exhibited thermal stability with no
explosion or detonation during bonfire testing, and was not
sensitive to drop impact or friction. CMP-X passed the Figure 4.11: MPUC System. Credit:
criteria for either a 1.4S or a “Not Class 1" determination CU Aerospace.

and may be excluded from the explosive class. Long-term
storage testing shows no degradation over >1,200 days.
This  additively  manufactured thruster passed
environmental (vibration and thermal vacuum) testing and
post-environmental thrust data were within experimental
error of the pre-environmental data (47).

VACCO has integrated four ECAPS 1-N LMP-103S
thrusters into their Integrated Propulsion System (IPS)
(Figure 4.12), a bolt-on propulsion module for delta-V and
attitude control applications (48) (49).

Hybrids
a. Technology Description Figure 4.12: VACCO Industries IPS.

Hybrid propulsion is a mix of solid and liquid/gas forms of Credit: VACCO Industries.

propulsion. In a hybrid rocket, the fuel is typically a solid grain, and the oxidizer (often gaseous
oxygen) is stored separately. The rocket is then ignited by injecting the oxidizer into the solid
motor and igniting it with a spark or torch system. Since combustion can only occur while the
oxidizer is flowing, these systems can readily be started or shut down by controlling oxidizer flow.

b. Key Integration and Operational Considerations

¢ Improved Safety and Handling: Hybrid systems are inherently safer to handle than solid
motor systems because there is no oxidizer pre-mixed into the solid motor, which reduces
the risk of premature ignition.

o Integrates Attributes of Solids and Liquids: Hybrids achieve many positive attributes
of both solid motors (storability and handling) and liquid engines (restart and throttling).

e Combustion Efficiency: Combustion efficiency tends to be lower than either solid motors
or liquid engines.
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o Other Drawbacks: Regression rate control and fuel residuals tend to be more problematic
in hybrid designs.

c. Current & Planned Missions

An arc-ignition “green” CubeSat hybrid thruster system prototype was developed at Utah State
University and demonstrated in flight under the Undergraduate Student Instrument Project (USIP).
The hybrid rocket design used a 3D-printed acrylonitrile butadiene styrene (ABS) plastic as the
fuel and high-pressure gaseous oxygen (GOX) as the oxidizer. For safety considerations, the
oxidizer was diluted to 60% nitrogen and 40% oxygen for the demonstration. On March 25, 2018,
the system was successfully tested aboard a sounding rocket launched from NASA Wallops Flight
Facility (WFF) into space and the motor was successfully re-fired five times. During the tests, 8 N
of thrust and a specific impulse of 215 s were achieved as predicted (50) (51). The Space
Dynamics Lab has miniaturized this technology to be better suited for CubeSat applications (0.25-
0.5 N).

d. Summary Table of Devices
See Table 4-4 for current state-of-the-art hybrid devices applicable to small spacecraft.
e. Notable Advances

Utah State University has tested Nytrox, a blend of nitrous oxide and oxygen, and ABS. The
testing was focused on a 25-50 N system for a 12U sized vehicle. Investigating different nozzle
materials for low erosion in long duration burns is a key concern (52) (53).

JPL developed a hybrid propulsion system for a 12U CubeSat and a 100 kg SmallSat. Testing
included regression rate characterization of clear and black polymethyl methacrylate fuels with
GOX to be included in propulsion system sizing. Vacuum testing included an improvement of the
ignition system to a laser-operated system that eliminates the need for a separate ignition fuel
gas (54) (55) (56) (57).

NASA ARC developed a polymethyl methacrylate (PMMA) and nitrous oxide hybrid system that
used ethylene and nitrous oxide thrusters. The ethylene and nitrous oxide also function as the
hybrid ignition source. The hybrid system had a demonstrated efficiency of 91% and calculated
specific impulse of 247 s, making it competitive with current small satellite propulsion systems
(58) (59).

Aerospace Corporation and Penn State University developed an “Advanced Hybrid Rocket Motor
Propulsion Unit for CubeSats (PUC)”. The design used additive manufacturing techniques for the
carbon filled polyamide structure including the nitrous oxide tank and a paraffin grain within an
acrylic shell, with acrylic diaphragms 3D printed in-situ in the grain for enhanced performance.
This design fits in a 1U space, for a 3U or 6U spacecraft (60).

Parabilis Space Technologies developed two small satellite propulsion systems. Rapid Orbital
Mobility Bus (ROMBUS) is a hybrid rocket-based system with nitrous oxide as the oxidizer and
PMMA or hydroxyl-terminated polybutadiene (HTPB) as the fuel. It provides high-impulse thrust
for satellite translational maneuvers which can be used for initial orbit insertion, rapid orbit
rephasing, threat/collision avoidance, and targeted re-entry at the satellite’s mission end of life
(61). Nano Orbital Transfer System (OTS) is a HTPB and nitrous oxide (N2O) hybrid system, with
N20-based ACS thrusters. Nano OTS leverages Parabilis’ proven hybrid engine and small
satellite technologies for low-cost, high-performance maneuvers using non-toxic green
propellants. The OTS has a modular design, enabling rapid and low-cost configuration of stages
to accommodate 3U size NanoSats up to >50 kg MicroSat-size vehicles (62).
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Cold Gas
a. Technology Description

Cold gas propulsion systems are simple, mature, and safe, although they provide relatively limited
total impulse. There is no combustion in cold gas systems, with thrust produced by expelling
gaseous propellant through a diverging nozzle. Propellants can be stored as compressed gases,
saturated liquids, or solids. Gaseous nitrogen is a commonly used propellant for cold gas systems,
although many other gases have been used in the long history of cold gas propulsion. For gases,
the tradeoff is between performance and storage; lower molecular weight gases offer higher
specific impulse but require more voluminous storage. Saturated liquids are stored at low
pressure and vaporized when introduced into a low-pressure chamber. The dense storage of
saturated liquids and their property of self-pressurization has made them popular as a propellant
for CubeSat missions. The liquid propellants may require a pressurant or are self-pressurized, if
stored in a two-phase liquid-gas state. Solid propellants can be used in a cold gas system by
subliming solid propellants with adequate heat.

A derivative of cold gas systems is electrothermal or “warm gas” systems, in which the propellant
is somewhat heated without chemical reaction and accelerated through a nozzle. The additional
heating results in a modest improvement in thrust and specific impulse compared to a pure cold
gas system, but typically burdens the spacecraft with increased power consumption.
Electrothermal systems are described in more detail in the Electric Propulsion section.

b. Key Integration and Operational Considerations

¢ Low Cost and Complexity: Cold gas thrusters are often attractive and suitable for small
buses due to their relatively low cost and complexity.

o Safe: Most cold gas thrusters use inert, non-toxic propellants, which is advantageous for
secondary payloads that must adopt “do no harm” approaches to primary payloads.

o Small Impulse Bit: Cold gas systems are often well suited to provide attitude control since
they can provide very small minimum impulse bits for precise maneuvering.

¢ Small Total Impulse: The low specific impulse of these systems limits their ability to
provide large orbital correction maneuvers.

e Integrated Systems Optimized for CubeSats: Designs optimized around the limited
resources of a CubeSat have improved the capability of these systems for small buses.

c. Missions

The Micro-Electromechanical-based PICOSAT Satellite Inspector, or MEPSI, built by the
Aerospace Corporation, flew aboard STS-113 in 2002 and STS-116 in 2006. The spacecraft
included both target and imaging/inspector vehicles connected via a tether. The two vehicles were
each 4 x 4 x 5in® in volume and had five cold-gas thrusters, producing approximately 20 mN. The
MEPSI propulsion system was produced using stereo-lithography. It was suited as a propulsion
research unit for PicoSats (63).

Marotta developed a cold gas micro-thruster, CGMT-000-9, for fine attitude adjustment
maneuvers that flew on the NASA ST-5 mission in 2006. The thruster operated in blowdown mode
with gaseous nitrogen, starting at 2.4 N and ending at 0.05 N (64) (65).
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In June 2014, Space Flight Laboratory at the
University of Toronto Institute for Aerospace
Research (UTIAS) launched two 15 kg small
spacecraft (CanX-4 and CanX-5) to demonstrate
formation flying. The Canadian Nanosatellite
Advanced Propulsion System (CNAPS), shown in
Figure 4.13, consisted of four thrusters fueled with
liquid sulfur hexafluoride. This propulsion module
is a novel version of the previous NanoPS that flew
on the CanX-2 mission in 2008. The non-toxic
sulfur hexafluoride propellant was selected
because it has a high vapor pressure and density,
which are important properties for making a Figure 4.13: CanX-4 and CanX-5 formation
compact self-pressurizing system. The propulsion  flying nanosatellites with CNAPS propulsion
system was successfully used for drift recovery systems. Credit: UTIAS SFL.

and autonomously maintaining a formation from 1-

km range down to 50-m separation (66) (67) (68) (69).

Microspace Rapid Pte Ltd of Singapore developed a cold gas propulsion system for the POPSAT-
HIP1 CubeSat demonstration mission that launched June 2014. It consists of eight micro-nozzles
that provide control for three rotational axes with a single thrust axis for translational applications.
The total delta-v was estimated from laboratory data to between 2.25 and 3.05 ms™'. Each thruster
has 1 mN of nominal thrust using argon. An electromagnetic microvalve with a very short opening
time of 1 m-s operates each thruster (70).

GomSpace (acquired NanoSpace in 2016) has developed two related propulsion systems called
the NanoProp CGP3 and NanoProp 6U. Both use proportional thrust control of four nozzles to
control spacecraft attitude and provide delta-v. The CGP3 was flown on the TW-1 3U CubeSat
launched in 2015. The 6U configuration was flown on GOMX-4B in 2018 as a formation flight
demonstration (71) (72) (73) (74).

An ACS cold gas propulsion system using R-236fa was produced and tested by Lightsey Space
Research for the NASA ARC BioSentinel mission, a 6U CubeSat that launched on Artemis | in
November 2022. The propulsion system enables detumbling and pointing for communication back
to Earth. The propulsion system uses a 3D-printed propellant tank to reduce part count and make
efficient use of the available volume. The system contains six RCS thrusters and one delta-v
thruster. The delta-v thruster was included to allow for collision avoidance but was ultimately not
needed. One of the RCS thruster valves failed in the closed position during RCS checkout. Rather
than further attempting to actuate the valve, and risk the valve failing open, a workaround was
identified to perform momentum unloading with the remaining five RCS thrusters. As of May 2023,
the propulsion system had accumulated 408 firings and continued to operate as expected. The
initial phase of the mission was completed in April 2023. NASA extended the mission by up to an
additional 28 months, or as late as September 2025 (75) (76) (77) (78).

The ThrustMe 12T5 subliming iodine cold gas module, Figure 4.14, was the first iodine propulsion
system to be spaceflight tested, flown on the Xiaoxiang 1-08 satellite in 2019 (79) (80). Since
then, the system was also launched on RTAF’s NAPA-2 in June 2021 and on Spire’s L3C in
January 2023. Additional 12T5 launched on the Robusta-3A satellite in 2024, developed by
CSUM, which carries various scientific payloads related to meteorology and technology
demonstration (81) (82).
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The CubeSat Proximity Operations Demonstration .

(CPOD) is a mission led by Terra Orbital (83) to . @ o
demonstrate autonomous on-orbit rendezvous and l2Ts
proximity operations using two identical 3U CubeSats.
Each spacecraft incorporates a cold gas propulsion
system built by VACCO Industries that provides up to 186
N-s of total impulse. This module uses the self-
pressurizing refrigerant R236fa propellant, which is
exhausted through a total of eight thrusters distributed in
pairs at the four corners of the module. CPOD launched
in May 2022 as part of SpaceX’s Transporter-5 mission.
The CPOD mission demonstrated rendezvous of the L
CubeSats with intersatellite distances closing from 997 | THRUSTME "

km to a minimum of 0.36 km. On-orbit limitations on
experimentation were attributed to multiple factors as the
launch date slipped due to many years of delay, including Figure 4.14: 12T5 lodine Cold Gas
obsolete hardware, partial failure in the solar panels, and Module. Credit: ThrustMe.

a propulsion system anomaly suspected to be a plenum leak (84) (85).

The Mars Cube One (MarCO) technology demonstration mission consisted of two identical
CubeSats that followed the InSight spacecraft to Mars in loose formation in 2018. The MarCO
spacecraft performed five trajectory correction maneuvers (TCMs) during the mission to Mars.
The TCMs were conducted using an R236fa cold gas propulsion system developed by VACCO
Industries, which contains four thrusters for attitude control and another four for TCMs. MarCO-B
developed a propulsion system leak, which required constant maintenance. A tank to plenum leak
was identified prior to launch, which the mission accepted. However, a second leak through a
MarCO-B thruster valve developed during flight. The combination of both leaks resulted in a
continuous moment on the MarCO-B spacecraft. The MarCO spacecraft succeeded in their
mission to relay telemetry from the InSight lander during its descent to Mars (86) (87) (88) (89).

Near-Earth Asteroid Scout (NEA Scout) was a joint MSFC and JPL mission that had a VACCO
cold gas MiPS (R236FA propellant), with six 25-mN thrusters, to assist the main propulsion
system, a solar sail. However, after deployment from Artemis | in November 2022, the project
team was not able to communicate with the spacecraft (90) (91) (92).

d. Summary Table of Devices
See Table 4-5 for the current state-of-the-art cold gas devices applicable to small spacecraft.
Solid Motors

a. Technology Description

Solid rocket motors have an oxidizer and fuel mechanical mixture stored in solid form (propellant
grain). For small satellites, solid rocket motors may be used for impulsive maneuvers such as
orbit insertion or quick deorbiting. They achieve moderate specific impulses and high thrust
magnitudes. There are some electrically controlled solid thrusters that operate in the millinewton
range that are restartable and have steering capabilities. Solid rocket arrays can be compact and
suitable for small buses. Composed of several miniature solid rockets, individual units can be fired
alone or together, as needed.
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b. Key Integration and Operational Considerations

¢ Thrust Vector Control: Thrust vector control systems can be coupled with existing solid
rocket motors to provide controllable high delta-v maneuvering.

o Usually Single-Burn: In general, solid motors are considered a single-burn event system.
To achieve multiple burns, the system must be either electrically restartable (a.k.a. electric
solid propellants), or several small units must be matrixed into an array configuration.
Because electrically controlled solid propellants (ESPs) are electrically ignited, they are
considered safer than traditional solid energetic propellants.

c. Current & Planned Missions

Northrop Grumman offers the STAR 3 motor, which has a maximum thrust of 2050 N. The STAR
3 motor was used as the Transverse Impulse Rocket System for the Mars Exploration Rover
(MER) program and was used in 2004 to reduce the lateral velocity of the MER Spirit lander. The
STAR 4G motor was developed and tested by NASA GSFC as an orbit-adjust motor for deploying
nanosatellite constellations but was not flown, although it is still offered by Northrop Grumman
along with other, higher total impulse motors in the STAR line (93).

The Pacific Scientific Energetic Materials Company
(PacSci EMC) Modular Architecture Propulsion System
(MAPS) array (Figure 4.15) has a 10-plus year in-orbit
lifespan. The MAPS system provides three-axes
capability to control attitude, deorbit, drag makeup, and
plane and attitude changes with a delta-v greater than 50
m s™'. The capability of the MAPS “plug-and-play” bolt-
on design and clean-burning propellant array is scalable
and can be custom-fit for a range of interfaces. MAPS
was flown in 2017 aboard PacSciSat, which successfully
completed all mission objectives (94) (95).

Figure 4.15: PacSci EMC MAPS
sealed solid propellant rocket motor
array. Credit: PacSci.

d. Summary Table of Devices

See Table 4-6 for the current state-of-the-art solid motor devices applicable to small spacecraft.
Propellant Management Devices
a. Technology Description

While not directly a thrust-producing device, propellant management devices (PMDs) are
frequently used in liquid propulsion systems to reliably deliver propellant to thruster units. PMDs
are commonly a critical part of in-space liquid propulsion systems that do not use bellows or
membrane-type tanks. As small spacecraft look toward more complex propulsion system
requirements, PMDs will undoubtedly play an integral role. Historically, small spacecraft have
used bellows or membrane tanks to ensure propellant delivery and expulsion. However, there is
the potential to incorporate PMD structures into additively manufactured tanks and propulsion
systems, permitting more conformal structures to be created and optimized for small spacecraft
missions. As such, PMDs are briefly covered here for awareness. A more detailed treatment and
explanation can be found in the literature. A comprehensive, up-to-date list of the types of PMDs,
as well as missions employing PMDs, is available in Hartwig (96).

b. Key Integration and Operational Considerations

The purpose of PMDs is to separate liquid and vapor phases within the propellant storage tank
upstream of the thruster and to transfer vapor-free propellant in any gravitational or thermal
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environment. PMDs have flight heritage with all classical storage systems, have been flown with
LMP-103S, have no flight heritage with cryogenic propellants, and have been implemented in
electric propulsion systems. Multiple PMDs are often required to meet the demands of a particular
mission, whether using storable or cryogenic propellants.

c. Current & Planned Missions

The Lunar Flashlight Propulsion System used a PMD sponge and ribbon vane. The sponge was
additively manufactured, while the ribbon vane was cut from sheet metal and bent to conform to
the required dimensions. Surface tension properties, a necessary parameter for PMD sizing, were
determined for the ASCENT propellant by Kent State University, funded and managed by NASA.
The design and modelling were a joint effort between MSFC and GRC.

d. Summary Table of Devices
No summary table is included for propellant management devices.
e. Notable Advances

Northrop Grumman has made advances in the development of SmallSat- and CubeSat-scale
diaphragm propellant tanks using materials that are compatible with hydrazine and some green
monopropellant fuels (97), and demonstrated the utility of additive manufacturing in producing
tank shells.

4.6.2 In-Space Electric Propulsion

In-space electric propulsion (EP) is any in-space propulsion technology wherein a propellant is
accelerated through the conversion of electrical energy into kinetic energy. The electrical energy
source powering in-space EP is historically solar, therefore these technologies are often referred
to as solar electric propulsion (SEP), although other energy sources such as nuclear reactors or
beamed energy are conceivable. The energy conversion occurs by one of three mechanisms:
electrothermal, electrostatic, or electromagnetic acceleration (132) (133). Each of these
technologies is covered herein.

This survey of the state-of-the-art in EP does not attempt to review all known devices but focuses
on those that can be commercially procured or devices that appear on a path toward commercial
availability. The intent is to aid mission design groups and other in-space propulsion end-users
by improving their awareness of the full breadth of potentially procurable EP devices that may
meet their mission requirements.

Instead of detailing the complete operating range for each propulsion device, the authors provide
only the metrics associated with the nominal operating condition to improve comprehension of
the data and make initial device comparisons more straightforward. When a manufacturer does
not specifically state a nominal operating condition in the literature, the manufacturer may have
been contacted to determine a preferred nominal operating condition; otherwise, a nominal
operating condition was assumed based on similarity to other devices. For those metrics not
specifically found in published literature, approximations have been made when determinable
from the available data. Readers are strongly encouraged to follow the references cited to the
literature describing each device’s full performance range and capabilities.

Electrothermal
a. Technology Description

Electrothermal technologies use electrical energy to increase the enthalpy of a propellant,
whereas chemical technologies rely on exothermal chemical reactions. Once heated, the
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propellant is accelerated and expelled through a conventional converging-diverging nozzle to
convert the acquired energy into kinetic energy, like chemical propulsion systems. The specific
impulse achieved with electrothermal devices is typically of similar magnitude to chemical devices
given that both electrothermal and chemical devices are fundamentally limited by the working
temperature limits of materials. However, electrothermal technologies can achieve a somewhat
higher specific impulse than chemical systems since they are not subject to the limits of chemical
energy storage.

Electrothermal devices are typically subclassified into one of the following three categories:

1. Resistojet devices employ an electrical heater to raise the temperature of a surface that
in turn increases the temperature of a gaseous propellant.

2. Arcjet devices sustain an electrical arc through an ionized gaseous propellant, resulting in
ohmic heating.

3. Electrodeless thrusters heat a gaseous propellant through an inductively or capacitively
coupled discharge or by radiation.

b. Key Integration and Operational Considerations

o Propellant Selection: Electrothermal technologies offer some of the most lenient
restrictions on propellant selection for in-space propulsion. Whereas chemical systems
require propellants with both the right chemical and physical properties to achieve the
desired performance, electrothermal systems primarily depend on acceptable physical
properties. For example, electrothermal devices can often employ inert gases or even
waste products such as water and carbon dioxide. They also allow use of novel propellants
such as high storage density refrigerants or in-situ resources. That said, not all propellants
can be electrothermally heated without negative consequences. Thermal decomposition
of complex molecules may result in the formation of polymers and other inconvenient
byproducts. These byproducts may result in clogging of the propulsion system and/or
spacecraft contamination.

o Propellant Storage: Electrothermal devices may require that propellants be maintained
at a high plenum pressure to operate efficiently. This may require a high-pressure
propellant storage and delivery system.

e High Temperature Materials: The working temperature limit of propellant-wetted
surfaces in the thruster head is a key limitation on the performance of electrothermal
devices. As such, very high temperature materials, such as tungsten and molybdenum
alloys, are often employed to maximize performance. The total mass and shape of these
high temperature materials are a safety consideration during spacecraft disposal. While
most spacecraft materials burn up on re-entry, the re-entry behavior of devices using these
high temperature materials will be scrutinized when assessing the danger of debris to life
and property.

e Power Processing: While some simple resistojet devices may operate directly from
spacecraft bus power, other electrothermal devices may require a relatively complex
power processing unit (PPU). For example, a radio-frequency electrodeless thruster
requires circuitry to convert the direct-current bus power to a high-frequency alternating
current. In some cases, the cost and integration challenges of the PPU can greatly exceed
those of the thruster.

¢ Thermal Soak-back: Given the high operating temperatures of electrothermal devices,
any reliance on the spacecraft for thermal management of the thruster head should be
assessed. While the ideal propulsion system would apply no thermal load on the
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spacecraft, some thermal soak-back to the spacecraft is inevitable, whether through the
mounting structure, propellant lines, cable harness, or radiation.

c. Missions

The Bradford (formerly Deep Space Industries) Comet
water-based electrothermal propulsion system (Figure
4.16) has been implemented by multiple customers
operating in low-Earth orbit, including HawkEye 360,
Capella Space, and BlackSky Global (134). All missions
use the same Comet thruster head, while the BlackSky
Global satellites use a larger tank to provide a greater total
impulse capability. The HawkEye 360 Pathfinder mission
is a constellation of three small microsatellites built by
Space Flight Laboratory (SFL) based on its 15-kg NEMO
platform; each spacecraft measures 20 x 20 x 44 cm?® with
a mass of 13.4 kg (135) (136). The Comet provides each
HawkEye 360 pathfinder a total delta-v capability of 96 ms- Figure 4.16: Comet-1000. Credit:
. The approximate dimensions of the BlackSky Global Bradford Space.

spacecraft are 55 x 67 x 86 cm? with a mass of 56 kg (138).

The Propulsion Unit for CubeSats (PUC) system (139),
Figure 4.17, was designed and fabricated by CU
Aerospace LLC (Champaign, IL) and VACCO Industries
under contract with the U.S. Air Force to supply two
government missions (140). The system was acquired for
drag makeup capability to extend asset lifetime in low-
Earth orbit. The system uses SO as a self-pressurizing
liquid propellant. The propulsion system electrothermally
heats the propellant using a micro-cavity discharge (MCD)
and expels the propellant through a single nozzle (141). It Figure 4.17: PUC module. Credit: CU
can alternatively use R134a or R236fa propellants, but Aegrospace.

only in cold-gas mode with reduced performance. Eight
flight units were delivered to the Air Force in 2014,
although it remains unknown if any have flown.

In 2019, CU Aerospace was selected for a NASA STMD
Tipping Point award to design, fabricate, integrate, and
perform mission operations for the Dual Propulsion
Experiment (DUPLEX) 6U CubeSat. DUPLEX has two of
CU Aerospace’s micro-propulsion systems onboard: one
Monofilament Vaporization Propulsion (MVP) system
(142) (143) (144), Figure 4.18, and one Fiber-Fed Pulsed
Plasma Thruster (FPPT) system (148) (149) (150) (151)
(152), Figure 4.45. The MVP is an electrothermal device
that vaporizes and heats an inert solid polymer propellant )
fiber to 725 K. The coiled solid filament approach for [gure 4.18:MVP module. Credit: CU
propellant storage and delivery addresses common A€rospace.

propellant safety concerns, which often limit the application of propulsion on low-cost CubeSats.
In-orbit operations will demonstrate multiple mission capabilities including inclination change, orbit
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raising and lowering, drag makeup, and deorbit burns. DUPLEX was delivered to the International
Space Station on a Cygnus cargo ship in September 2025 (154) (155).

AuroraSat-1 is a technology demonstration 1.5U
CubeSat that is demonstrating multiple propulsion
devices by Aurora Propulsion Technologies. AuroraSat-1
carries Aurora’s smallest version of Aurora Resistojet \ =
Module for Attitude control (ARM-A) (156), Figure 4.19, o a
and a demonstration unit of their Plasma Brake Module -
(PBM) (157). The ARM-A system integrated into e
AuroraSat-1 has six resistojet thrusters for full 3-axis
attitude control and 70 grams of water propellant,
providing a total impulse of 70 N-s. AuroraSat-1 is built by
SatRevolution, with Aurora providing the payloads. The
satellite was launched by Rocket Lab in May 2022. (158)
(159). See section 4.6.3 for discussion of the PBM
module.

Figure 4.19: Aurora Resistojet
Module for Attitude Control. Credit:
The OPTIMAL-1 technology demonstration 3U Aurora Propulsion Technologies.
nanosatellite by ArkEdge Space Inc. launched in late

2022 and was deployed from the International Space Station in early 2023. Among other
technology demonstration devices, OPTIMAL-1 contains a Pale Blue water resistojet thruster
(160).

SPHERE-1 EYE, a 6U CubeSat developed by Sony Group Corporation, includes a Pale Blue
Water Resistojet Thruster. The satellite was launched aboard a SpaceX Falcon 9 on January 3™,
2023, and has been orbiting Earth at an altitude between 500 km to 600 km. The water propulsion
system is expected to prolong the satellite’s life by 2.5 years. The propulsion system operated for
approximately 2 minutes on March 3, 2023, and the company confirmed the successful
generation of thrust from flight telemetry (161).

d. Summary Table of Devices
See Table 4-7 for current state-of-the-art electrothermal devices applicable to small spacecraft.
Electrosprays

a. Technology Description

Electrospray propulsion systems generate thrust by electrostatically extracting and accelerating
ions or droplets from a low-vapor-pressure, electrically conductive, liquid propellant (Figure 4.20).
This technology can generally be classified into the following types according to the propellant
used:

lonic-Liquid Electrosprays: These technologies use ionic liquids (i.e., salts in a liquid phase at
room conditions) as propellant. The propellant is stored as a liquid, and onboard heaters may be
present to maintain propellant properties within the desired operational temperature range.
Commonly used propellants include 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4) and
bis(trifluoromethylsulfonyl)imide (EMI-Im). Thrusters that principally emit droplets are also
referred to as colloid thrusters.

Field Emission Electric Propulsion (FEEP): These technologies use low-melting-point metals
as propellant. The propellant is typically stored as a solid, and onboard heaters are used to liquefy
the propellant prior to thruster operations. Common propellants include indium and gallium.
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Feed systems for electrospray
technologies can be actively fed
via pressurant gas or passively fed
via capillary forces. The ion (high- Extractor / —
Isp) or droplet (moderate-Isp) E:,J:gror _1_
emission can be controlled by '

Emitter Type: Externally Wetted  Porous Capillary

Electrodes:

1
modulation of the high-voltage
(i.e., >1 kV) input in a closed-loop —
feedback system with current -

measurements. Stable operations | Accelerator/  — iji:

in either emission mode can il T

: . . Emitter e®
provide precise impulse bits.

b. Key Integration and

Operational —
Considerations Multi-Grid

Emitter
Array

Slit Emitters

e Charge Balance: Ionic

liquid propellants can

support electrospray

operations with just cation
Linear Annular

(i.e., positively charged)
emission or bi-polar -
emission (i.e., both anions
and cations). For cation-
only emission, as with
FEEP thrusters, a separate cathode neutralizer is needed to maintain overall charge
balance; such neutralizers do not necessarily need to be tightly integrated with the thruster
heads. As such, the additional mass, volume, and power impacts must be considered in
spacecraft integration. For electrospray technologies using bi-polar emission, reliable
high-voltage switching in the power electronics becomes a critical consideration.

o Plume Contamination: Because propellants for electrospray propulsion systems are
electrically conductive and condensable as liquids or solids, impingement of the thruster
plume on spacecraft surfaces may lead to electrical shorting and surface contamination
of solar panels and sensitive spacecraft components. Consideration of only the primary
beam plume may not be sufficient, as droplet emission and molecular fragmentation within
the plume can generate off-axis species. Plume shields are frequently employed on
spacecraft to protect sensitive surfaces in the absence of high-fidelity electrospray plume
models or characterization data.

¢ Propellant Handling and Thruster Contamination: lonic liquids and metallic propellants
can be sensitive to humidity and oxidation, so care is needed if extended storage is
required prior to flight. Electrospray technologies can also be sensitive to contamination
of the thruster head during propellant loading, ground testing (e.g., backsputter or
outgassed materials from the test facility), and handling (i.e., foreign object debris).
Precautions should be taken to minimize contamination risks from manufacturing, through
test and launch. Post-launch, ionic liquids can outgas (e.g., water vapor) when exposed
to the space environment, and such behavior should be accounted for in the mission
operations. Due to environmental factors such as spacecraft outgassing and atomic
oxygen levels, thruster operations following spacecraft deployment may need a
conditioning or burn-in period before achieving full propulsive performance.

Figure 4.20: Schematic of typical electrospray emitter and
electrode configurations. Credit: NASA.
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o Performance Stability and Lifetime: As an electrospray propulsion system operates
over time, the propulsive performance can degrade as the plume impinges upon and
deposits condensable propellant on thruster head surfaces; in time, sufficiently deposited
propellant buildup can electrically short out the thruster electrodes and terminate thruster
operation. Especially for missions with large total impulse requirements, lifetime testing or
validated life models of the electrospray propulsion system in a relevant environment are
important for understanding end-of-life behavior.

e Specific Impulse: Even for electrosprays that principally emit ions, operational thruster
modes and instabilities can result in droplet emission that degrade the specific impulse
and thrust efficiency. Caution is advised when considering claimed specific impulse or
other propulsive properties (e.g., thrust vector and beam divergence) derived from plume
characteristics; verification test data in a relevant environment are important for properly
assessing these claims.

o Precision Thrust: Electrospray devices have the potential to provide very precise thrust
during continuous operations. For devices that can operate in pulsed mode via pulsed
modulation of the high-voltage input, fine impulse bits (i.e., <10 uN-s) may be achievable.
Such operations can permit precise control over spacecraft attitude and maneuvering.
Verification test data in a relevant environment should be used to properly assess the
degree of thrust precision.

c. Missions

The ESA Laser Interferometer Space Antenna (LISA)
Pathfinder spacecraft was launched in December 2015 on
Vega flight VV06. Onboard were two integrated propulsion
modules associated with the NASA Space Technology 7
Disturbance Reduction System (ST7 DRS). Each
propulsion module contained four independent Busek
Colloid MicroNewton Thrusters (CMNT), propellant-less
cathode neutralizers, power processing units, digital
control electronics, and low-pressure propellant tanks.
The propulsion system was successfully commissioned
in-orbit in January 2016 after having been fully fueled and
stored for almost eight years. The electrospray modules
(Figure 4.21) were operated at the Earth-Sun Lagrange
Point 1 for 90 days to counteract solar disturbance forces F/gure 4.21: Flight CMNT modules
on the spacecraft: seven of the eight thrusters [0 LISA Pathfinder. Credit: Busek.
demonstrated performance consistent with ground test
results, and the full propulsion system met mission-level
performance requirements (163).

The Enpulsion Nano FEEP (Figure 4.22), formerly the IFM
Nano, was first integrated onboard a 3U Planet Labs Flock
3P CubeSat and launched via PSLV-C40 in January 2018.
The indium-propellant propulsion system (with integrated
thruster head, propellant storage, and power processing
unit) was demonstrated in a 491-km by 510-km orbit. Two
thruster firing sequences were reported, with the first a 15-
minute firing in non-eclipse and the second a 30-minute
firing in eclipse. Global Positioning System (GPS)
telemetry data onboard the spacecraft indicated good

) Com> W

Figure 4.22: Nano. Credit: Enpulsion.
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agreement with the ~220 uyN commanded thrust (164). Since this initial demonstration, the
Enpulsion Nano has flown onboard other spacecraft, but limited on-orbit data is publicly available.
These missions include the ICEYE-X2 (launched onboard Falcon-9 flight F9-64 in December
2018) to provide low-Earth orbit interferometric synthetic aperture radar observations (165) (166)
and the DOD-funded Harbinger technology demonstrator (launched onboard Electron flight STP-
27RD in May 2019) (167) (168). The Enpulsion Nano was also integrated onboard the Zentrum
fur Telematik (Wirzburg) NetSat formation-flying

demonstrator mission, which launched as a Soyuz-2 - : o
rideshare in September 2020 (169) (170). A summary of | '
available on-orbit statistics, anomalies, and lessons
learned for the Enpulsion Nano family (Nano, Nano R3,
and Nano AR?®) is available (171).

An Enpulsion Micro R3 (Figure 4.23) was housed onboard
the GMS-T mission, which launched in January 2021
onboard a Rocket Lab Electron. The telecommunications
satellite uses an OHB Sweden Innosat platform with
propulsive capability for collision avoidance. Inaugural on-
orbit commissioning of the propulsion system was
confirmed in March 2021 (173).

The University Wirzburg Experimental Satellite 4 (UWE-
4) was launched as a secondary payload onboard the
Soyuz Kanopus-V 5 and 6 mission in December 2018.
This 1U spacecraft housed two Morpheus Space
NanoFEEP systems, with each system consisting of two
gallium-propellant thrusters, a power processing unit
board for the UNISEC Europe bus, and a propellant-less
cathode neutralizer. An experiment using one thruster as
an attitude control actuator was reported, with the
increased spacecraft rotation rate corresponding to a
derived thrust magnitude of ~5 uN; anomalous torque was
attributed to unexpected impingement of the thruster '
plume upon the spacecraft antenna (174) (175). Orbit Figure 4.24: Eight NanoFEEP
lowering capability was demonstrated in 2020; of the four thrusters integrated on 3U-Cubesat
individual thrusters, three experienced anomalous bus. Credit: Morpheus Space.
behavior during the UWE-4 mission (176). A 3U-Cubsat

implementation of the same NanoFEEP technology is shown in Figure 4.24.

Figure 4.23: Micro R°. Credit:
Enpulsion.

d. Summary Table of Devices
See Table 4-8 for current state-of-the-art electrospray devices applicable to small spacecraft.
Gridded-lon

a. Technology Description

Gridded-ion propulsion systems ionize gaseous propellants via a plasma discharge, and the
resultant ions are subsequently accelerated via electrostatic grids (i.e., ion optics). This
technology can generally be classified according to the type of plasma discharge employed:

¢ Direct-Current (DC) Discharge: The propellant is ionized via electron bombardment from an
internal discharge cathode (Figure 4.25).
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¢ Radio-Frequency (RF) Discharge: No internal discharge cathode is present. Instead, the
propellant is ionized via RF or microwave excitation from an RF generator (Figure 4.26).

Gridded-ion thrusters typically operate at high voltages and include an external neutralizer
cathode to maintain plume charge neutrality. High specific impulse can be achieved, but the thrust
density is fundamentally limited by space-charge effects. While the earliest thruster technologies
used metallic propellants (i.e., mercury and cesium), modern gridded-ion thrusters use noble
gases (e.g., xenon, krypton) or iodine.

b.

Key Integration and Operational Considerations

Performance Prediction: Due to the enclosed region of ion generation and acceleration,
gridded ion thrusters tend to be less sensitive to test-facility backpressure effects than
other devices such as Hall thrusters. This allows for more reliable prediction of in-flight
performance based on ground measurements. Furthermore, the separation between ion
generation and acceleration mechanisms within the device tends to make calculations of
thrust and ion velocity (or Isp) more straightforward.

Grid Erosion: Charge-exchange ions formed between and downstream of the ion optics
can impinge upon and erode the grids. Over time, this erosion can lead to a variety of
failure modes, including grid structural failure, an inability to prevent electrons from back
streaming into the discharge chamber, or the generation of an inter-grid electrical short
due to the deposition of electrically conductive grid material. Proper grid alignment must
be maintained during thruster assembly, transport, launch, and operations to minimize
grid erosion. Random vibration tests at the proto-flight level should be conducted to verify
the survivability of the ion optics against launch loads. Validated thermal modeling may be
needed to assess the impact of grid thermal expansion during operation.

Foreign Object Debris: The grids are separated by a small gap, typically less than 1 mm,
to maximize the electric field and thrust capability of the device. As a result, gridded-ion
thrusters tend to be sensitive to foreign object debris, which can bridge the inter-grid gap
and cause electrical shorting. Precautions should be taken to minimize such
contamination risks from manufacturing, through test, and to launch.

Cathode Lifetime: Cathodes for plasma discharge or plume neutralization may be
sensitive to propellant purity and pre-launch environmental exposure. Feed system
cleanliness, bake-out, and use of a high-purity propellant are key factors in maximizing
cathode lifetime. The technology provider may recommend maximum cumulative
atmospheric exposure and humidity to reduce risk.

Roll Torque: Misalignments in the ion optics can lead to disturbances in the thrust vector,
resulting in a torque around the roll axis that cannot be addressed by the mounting gimbal.
For missions requiring extended thruster operations, a secondary propulsion system or
reaction wheels may be needed to counter the torque buildup (177).

Electromagnetic Interactions: For RF-discharge thrusters, electromagnetic interference
and compatibility (EMI/EMC) testing may be critical to assess the impact of thruster
operations on spacecraft communications and payload functions.

Power Electronics: Operation of gridded-ion thrusters requires multiple high-voltage
power supplies for discharge operation (ion generation), ion acceleration, and
neutralization, leading to potentially complex and expensive power electronics.

lodine Propellant: To address the volume constraints of small spacecraft, iodine is an
interesting propellant. Compared to xenon, iodine’s storage density is three times greater.
Furthermore, iodine stores as a solid with low vapor pressure. However, iodine is a strong
oxidizer, and the long-duration impact on the thruster and spacecraft remain largely
unknown. Recent and upcoming flights will provide insight into potential spacecraft
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interactions and the long-term reliability of feed system and thruster components exposed
to iodine.
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Figure 4.25: Schematic of typical DC-discharge gridded-ion thruster. Credit: NASA.
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Figure 4.26: Schematic of typical RF-discharge gridded-ion thruster. Credit: NASA.
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c. Missions

The ESA Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE) was launched in March 2009
onboard a Rokot / Briz-KM to provide detailed mapping of
Earth’s gravitational field and ocean dynamics from an
altitude of ~220-260 km. Two QinetiQ T5 DC-discharge
gridded-ion thrusters (Figure 4.27), with one serving as a
redundant backup, successfully provided drag make-up
for the 1000-kg satellite until the xenon propellant was
exhausted in October 2013 (178) (179) (180) (181).

ThrustMe’s NPT30-12 1U or 1.5U (Figure 4.28), an
integrated, RF-discharge gridded-ion propulsion system,
has at least two units in space as of July 2023. The
Beihangkongshi-1 satellite was launched in November
2020 onboard a Long March 6 rocket. As part of the first
on-orbit demonstration of iodine-propellant electric
propulsion, two 90-minute burns provided an orbital
altitude change of 700 m (182) as described in a Nature
publication (183). In April 2023, the 1.5U flew onboard a
Space Flight Laboratory of the University of Toronto
Institute for Aerospace Studies (UTIAS) 35-kg DEFIANT
bus for the Norwegian Space Agency’s NorSat-TD
mission (184), which included a demonstration of satellite
collision avoidance maneuvers (185). As of July 2023,
ThrustMe reported more than 100 systems on order (186)
(187).

The Lunar IceCube and LunarH-Map missions both
included a Busek BIT-3 propulsion system (Figure 4.29)
with solid iodine propellant. The BIT-3 system was the
primary propulsion for each spacecraft’s lunar transfer,
orbit capture, orbit lowering, and spacecraft disposal.
Each integrated BIT-3 system includes a low-pressure
propellant tank with heated propellant-feed system
components, a power processing unit to control the RF
thruster and RF cathode, and a two-axis gimbal
assembly.

The Lunar IceCube mission, led by Morehead State
University, aimed to characterize the distribution of water
and other volatiles on the Moon from a highly inclined
lunar orbit with a perilune less than 100 km. The 6U
spacecraft was launched as a secondary payload
onboard Artemis | (188) (189). Communication issues
with the CubeSat were reported shortly after launch (190).

Figure 4.27: T5 gridded-ion thruster
for GOCE mission. Credit: QinetiQ.

® NPTI02 @

Figure 4.28: NPT30-I12-1U. Credit:
ThrustMe.

Figure 4.29: BIT-3 thruster. Credit:
Busek.

The Lunar Polar Hydrogen Mapper (LunaH-Map) mission, led by Arizona State University, aimed
to map hydrogen distributions at the lunar south pole from a lunar orbit with a perilune less than
20 km. The 6U spacecraft was launched as a secondary payload onboard Artemis | (191). The
mission ended in late 2023 as the BIT-3 was inoperable and unable to perform the required

89




National Aeronautics and Space Administration

mission maneuvers. The mission team concluded that the propulsion system’s tank valve
was stuck closed (192)(193). As of April 2026, Busek indicates that several BIT-3 systems
are operational in commercial missions, although mission details have not been publicly
disclosed.

d. Summary Table of Devices

See Table 4-9 for current state-of-the-art gridded-ion devices applicable to small spacecraft.
Hall-Effect

a. Technology Description

The Hall-effect thruster (HET) is arguably the most successful in-space EP technology by
quantity of units flown. The Soviet Union first flew a pair of EDB Fakel SPT-60 HETs on the
Meteor-1-10 spacecraft in 1971. Between 1971 and 2018, over 300 additional HETs flew
internationally, although EDB Fakel produced the vast majority. The first flight of a non-
Russian HET was on board the European Space Agency (ESA) Small Missions for Advanced
Research in Technology (SMART-1) spacecraft in 2003. SMART-1 employed the French
PPS-1350 HET, produced by Safran (194). The first flight of a U.S. manufactured HET, the
Busek BHT-200, was onboard the TacSat-2 spacecraft (195), a U.S. Air Force Research
Laboratory (AFRL) experimental satellite in 2006. In 2010, Aerojet, another U.S. entity, began
commercially delivering their 4.5 kW XR5 HET (196), formerly BPT-4000. Launches of HETs
greatly accelerated in 2019 with the launch of 120 SpaceX Starlink and 6 OneWeb spacecraft
(197), each using an HET. As of April 2026, SpaceX has launched over 11,500 Starlink
satellites, and OneWeb has launched over 650 satellites. Suffice to say that HETs have
become a mainstream in-space propulsion technology.

The rapid growth in demand for HETs can be attributed to their simple design, historically well-
demonstrated reliability, good efficiency, high specific impulse, and high thrust-to-power ratio.
Although gridded-ion thrusters (GIT) can achieve a higher specific impulse than HETs, HETs
can achieve higher thrust-to-power ratios because HETs have a higher density quasi-neutral
plasma, which is not subject to space-charge limitations. The HETSs’ higher thrust-to-power
ratio will typically shorten spacecraft transit time. On the other end of the spectrum,
arcjets provide significantly higher thrust than HETs, however material limitations prevent
arcjets from matching the HETS’ electrical efficiency and specific impulse. For many missions,
HETs provide a good balance of specific impulse, thrust, cost, and reliability.

HETs are a form of ion propulsion, ionizing and electrostatically accelerating the
propellant. Historically, HETs flown in space have relied on xenon propellant, given its high
molecular weight, low ionization energy, and ease of handling. One recent exception is
the SpaceX Starlink spacecraft using krypton propellant. While HETs typically operate less
efficiently with krypton propellant, and krypton has more challenging storage requirements,
krypton gas is considerably lower in cost than xenon gas. Lower cost is a compelling attribute,
especially when the number of spacecraft are in the thousands, as with the Starlink
constellation. While xenon is generally a superior propellant, krypton-fed Hall thrusters will
likely become more common. SpaceX’s 2™ Generation Starlink spacecraft made another first
using argon as a Hall thruster propellant. While argon has been commonly tested with
laboratory HETs due to its low cost and good availability, argon is not generally considered a
good choice for spaceflight due to its challenging storage requirements. However, given
SpaceX’s need for such large volumes of propellant for thousands of satellites, overcoming
supply chain limitations provides a justification for this generally non-ideal propellant. Many
other propellants have been considered and ground tested for Hall-effect thrusters, but to date
Hall-effect thrusters have flown using primarily 68non, krypton, or argon.
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As schematically shown in Figure 4.30, HETs apply a
strong axial electric field and radial magnetic field
near the discharge chamber exit plane. The ExB
force greatly slows the mean axial velocity of
electrons and results in an azimuthal electron current
many times greater than the beam current. This
azimuthal current provides the means by which the
incoming neutral propellant is collisionally ionized.
These ions are electrostatically accelerated and only
weakly affected by the magnetic field. The electron
source is a low-work-function material typically

:IIII
] / \ Discharge

housed in a refractory metal structure (i.e., hollow Chamber
cathode), historically located external to the HET
body. Many recent thruster designs have begun Anode /

centrally mounting the cathode in the HET body as
shown in Figure 4.30. The cathode feeds electrons to
the HET plasma and neutralizes the plasma plume Figure  4.30: Hall-effect  Thruster
ejected from the thruster. The high voltage annular schematic. Credit: NASA.

anode sits at the rear of the discharge chamber and

typically functions as the propellant distribution manifold.

Propellant Manifold

b. Key Integration and Operational Considerations

¢ Ground Facility Effects: Ground facility effects may result in inconsistencies between
ground and flight performance. The significance of the inconsistencies depends on factors
such as test facility scale, pumping speed, intrusiveness of diagnostics, and thruster
electrical configuration.

e Contamination: Plume ions of an HET can affect spacecraft surfaces by erosion or
contamination, even at large plume angles. Ground facility measurement of ion density at
large angles may underpredict flight conditions.

e Thermal Soak-Back: HET core temperature may exceed 400°C with the cathode
exceeding 1000°C. Most HET waste heat radiates directly from the HET surfaces.
However, some thermal soak-back to the spacecraft will occur through the mounting
structure, propellant feed lines, electrical harness, and radiation.

e Survival Heaters: Given the thermal isolation between the HET and spacecraft, the HET
may require a survival heater depending on the qualification temperature and flight
environments.

e Performance: HET performance may vary over the life of the device due to erosion and
contamination of the plasma wetted HET surfaces. Magnetically shielded thrusters
demonstrate less time dependence in performance than classical HETSs.

o Thruster Lifetime: Classical HETs are primarily life-limited by erosion of the discharge
chamber wall. Magnetically shielded HETs are primarily life-limited by erosion of the front
pole covers.

e Cathode Lifetime: Cathode lifetime may be sensitive to propellant purity and pre-launch
environmental exposure. Feed system cleanliness, bake-out, and use of a high-purity
propellant are key factors in maximizing cathode lifetime. The HET manufacturer may
recommend a maximum cumulative atmospheric exposure and humidity. Some cathode
emitter formulations are less sensitive to propellant impurities and atmospheric exposure,
but these formulations may require other trades such as a higher operating temperature.
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o Roll Torque: The ExB force results in a slight swirl torque. For missions requiring
extended thruster operations, a secondary propulsion system or reaction wheels may be
needed to counter the torque buildup. The roll torque may largely be countered by
periodically reversing the direction of the magnetic field. Field reversal requires switching
the polarity of the current to the magnet coils. Field reversal is only possible with HETs
using electromagnets.

¢ Thrust Vector: Non-uniformity of the azimuthal plasma, magnetic field, or propellant flow
may result in slight variations of the thrust vector relative to the HET physical centerline.
Temperature variation of the HET, such as during startup, may result in a slight drifting of
the thrust vector.

o Heaterless Cathodes: Heaterless cathode technologies continue to mature. The benefit
of a heaterless cathode is elimination of the cathode heater, typically an expensive
component due to rigorous manufacturing and acceptance processes. However, the
physics of heaterless cathode life-limiting processes requires further understanding.
Nevertheless, heaterless cathode demonstrations have empirically shown significant
promise. Heaterless cathode requirements on the EP system differ from an HET with a
cathode heater. Impacts on the power processing unit and feed system should be well
understood when trading a heaterless versus heated cathode.

¢ Throttling Range: HETSs typically throttle stably over a wide range of power and discharge
voltage. This makes an HET attractive for missions requiring multiple throttle set-points.
However, an HET operates most efficiently at specific throttle conditions. Operating at off-
nominal conditions may result in decreased specific impulse and/or electrical efficiency.

c. Missions

Canopus-V (or Kanopus-V) is a Russian Space Agency spacecraft for Earth observation with a
design life of 5 years. The 450 kg spacecraft launched in 2012 employed a pair of EDB Fakel
SPT-50 thrusters. Similarly, the Canopus-V-IK (Kanopus-V-IK) launched in 2017 with a pair of
SPT-50 thrusters. The SPT-50 thrusters have a long history of spaceflight dating back to the late
1970s. Although the Canopus bus exceeds 450 kg, the power class and physical scale of the
SPT-50 are appropriate for smaller spacecraft. The SPT-50 is nominally a 220 W thruster
operated on xenon propellant (198) (199) (200).

The KazSat-1 and KazSat-2 spacecraft produced by Khrunichev Space Center in cooperation
with Thales Alenia Space launched in 2006 and 2011, respectively. The KazSat spacecraft are
geosynchronous communication satellites. These spacecraft employ the EDB Fakel SPT-70BR
thruster. The SPT-70BR is Fakel’s latest version of the SPT-70 product line. EDB Fakel optimized
the SPT-70 for operation between 600 and 700 W, but no more than 900 W. Experiments
demonstrate a lifetime of 3,100 hours, equating to about
450 kNs. The SPT-70 thrusters have a long history of
spaceflight dating back to the early 1980s. Control of
KazSat-1 was lost in 2008 (201) (202).

The Busek BHT-200 (Figure 4.31) has the distinction of
being the first U.S.-made HET to operate in space. The
BHT-200 has flight heritage from demonstrations on the
TacSat-2 mission launched in 2006, FalconSat-5 mission
launched in 2010, and FalconSat-6 mission launched in
2018. A Busek PPU powered the 200 W HET for each of
the FalconSat missions (203) (204) (205). Ground testing Figure 4.31:  BHT-200 thruster.
of the BHT-200 includes multiple propellants, although all Credit: Busek.
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spaceflights of the BHT-200 have used xenon. Busek developed an iodine compatible derivative
of the BHT-200 for the NASA iSat mission. It was determined during the course of the iSat project
that additional development related to iodine compatible cathodes was required before conducting

an in-space demonstration of the technology (206) (207).

The Israel Space Agency and the French National Center
for Space Studies (CNES) jointly developed the
Vegetation and Environment monitoring on a New
Microsatellite (VENuS) spacecraft launched in 2017. The
268 kg VENuS spacecraft includes a pair of Rafael IHET-
300 thrusters (Figure 4.32) and 16 kg of xenon propellant.
In-flight operations have demonstrated operation between
250 and 600 W. Rafael developed the IHET-300,
nominally operating at 300 W, specifically for small
spacecraft (208) (209) (210) (211) (212).

The European and Italian space agencies selected the
SITAEL HT100 (Figure 4.33) for an in-orbit validation
program to evaluate the device’s capabilities for orbital
maintenance and accelerated reentry of a small

spacecraft. The uHETSat mission is the first in-orbit [

demonstration of the HT100. The mission uses the
thruster to raise and lower its orbit over a series of
verification tests conducted during a planned two-year
lifespan. The mission seeks to conduct at least one
thousand ignition cycles. The HT100 is nominally a 175 W
device operating on xenon propellant. The uHETSat uses
the SITAEL S-75 microsatellite platform that is 75 kg with
dimensions of 60 x 40 x 36 cm?®. The spacecraft launched
on December 1, 2023 (213) (214) (215) (216). The HT100
is also baselined for the Italian Space Agency Platino-1
and Platino-2 spacecraft (217).

The Astra Spacecraft Engine (ASE), Figure 4.34,
successfully achieved orbital ignition onboard the
Spaceflight Sherpa-LTE1 orbital transfer vehicle, which
launched on SpaceX’s Transporter-2 mission on June 30,
2021 (218). This single-string system is sized to achieve a
controlled de-orbit of Sherpa-LTE1 (219). On-orbit
performance was demonstrated by operating the system
for 5-minute durations. The first 54 maneuvers have been
reported (220). After outgassing, performance metrics
were nominal within one standard deviation of ground test
data. On-orbit thrust averaged 22.4 mN, and specific
impulse for each 5-minute thrust maneuver averaged 1108
seconds. Total propulsion system power processing
efficiency averaged 94%, including feed system power,
circuit efficiency, and housekeeping loads (221). As of
November 2023, the ASE aboard the Sherpa-LTE1 had
operated for more than 800 five-minute maneuvers (i.e.,
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Figure 4.32:
Credit: Rafael.

IHET-300 thruster.

Figure 4.33: HT100 thruster. Credit:
SITAEL.

Figure 4.34: Astra Spacecraft Engine
(ASE). Credit: Astra.

accumulated total duration of ~70 hours) (218). On July 7, 2024, Sherpa-LTE1 safely deorbited
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(222). The ASE is designed for operation with xenon and o |
krypton propellants and sized to fit ESPA-class missions. A

The propulsion system includes several key _._"\
technologies, including permanent magnets, a heatless Y ¥

B 7
£ »

instant start cathode, and a radiation hardened PPU.
Astra has also reportedly sold ASE units to LeoStella “‘
(223), Apex (224), and Astroscale (225). As of March A ’
2023, Astra had reported nine ASE units in orbit (224). ﬂ,,

Exotrail’s first in-orbit propulsion demonstration was in \i -
November 2020. NanoAvionics and Exotrail partnered to ﬂ,l &
integrate Exotrail's spaceware-nano (Figure 4.35) into a e
NanoAvionics M6P nanosatellite 6U bus, which was built, . ]
Figure 4.35: spaceware-nano

integrated, and qualified in 10 months. Following this,
Exotrail signed a contract with AAC Clyde Space to
provide propulsion for the Eutelsat ELO 3 (2022) and
ELO4 (2023) 6U CubeSats (226) (227) (228) (229) (230),
and a contract with Aerospace Lab to provide its
spaceware-nano for Aerospace Lab’s Risk Reduction
Flight (RRF) mission. The Aerospace Lab spacecraft,
known as “Arthur,” was launched in 2021 (231) (232).
Blue Canyon Technologies (BCT) selected the Exotrail’s
spaceware system for its Venus-class microsatellite
platform, which will be used for the NASA’s INCUS
mission, which is expected to launch in 2027 (233) (234).

A spaceware-micro (Figure 4.36) was reported to be o/-' —
integrated onboard a York Space Systems S-Class )’

platform for a satellite mission scheduled for launch in late =)

2023, aiming to orbit the Moon and deliver Earth-to-Moon  Figure 4.36: spaceware-micro
telecommunication services in support of Intuitive thryster. Credit: Exotrail.

Machines’ lunar south pole mission (235). Exotrail also
has agreements to provide the spaceware-micro for
missions by OHB Luxspace (236), Satrec Initiative (237),
Astro Digital (238), and Muon Space (239).

Exotrail launched its spacevan In-Orbit Demonstration
(IOD) mission in November 2023. The spacevan uses
Exotrail's  spaceware-micro to demonstrate its
capabilities (e.g., plane change and altitude change)
(240) (241).

Airbus will integrate Exotrail’'s spaceware - mini thruster,
Exotrail's 300W—-600W class electric propulsion system,
onto Airbus’ Earth Observation satellite platform portfolio.
Exotrail anticipated completion of the thruster's
qualification activities in 2024 (242).

thruster. Credit: Exotrail.

Figure 4.37: Halo thruster. Credit:
Blue Canyon, a Raytheon subsidiary, produced satellites ExoTerra Resource.

for the DARPA Blackjack program. Blue Canyon selected

ExoTerra’s Halo thruster (Figure 4.37), for its Phase 2 and Phase 3 satellites (243). ExoTerra has
demonstrated Halo on three Blackjack satellites that launched in June 2023 on the SpaceX
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Transporter-8 rideshare. These are the first flights of ExoTerra’s Halo electric propulsion system
(244). Additionally, ExoTerra received a NASA Tipping Point award to perform an in-orbit
demonstration of their 12U Courier SEP spacecraft bus. The bus includes ExoTerra’s Halo
thruster, xenon flow control system (XFC), power processing unit (PPU), and deployable solar
arrays. The Courier spacecraft provides up to 1 km/s of delta-v, while hosting a 2U, 4 kg payload.
The Tipping Point mission objective is to demonstrate the SEP system by spiraling to 800 km
from a drop-off orbit of 400 km and then deorbiting. Primary mission objectives include
demonstration of the solar array deployment and power generation, PPU efficiency, and 2 kg of
thruster propellant throughput. For the Tipping Point mission, the 0.85 kg, 1/3U thruster will
nominally operate at 135 W discharge power and produce ~8 mN of thrust (245) (246) (247) (248)
(249).

ExoTerra reported in May 2025 delivering 21 Halo propulsion modules to York Space Systems
for the Space Development Agency (SDA) Transport Layer (250). ExoTerra was acquired by
Voyager Technologies in late 2025 (251).

ExoTerra Resource is commercializing as Halo12 (Figure
4.38) a version of JPL’s Magnetically Shielded Miniature
(MaSMi) Hall thruster technology for multiple unnamed
flight  opportunities. JPL  performed extensive
development of the technology between 2011 and 2021,
culminating in a 7,205-hour wear test of JPL’s
engineering model thruster. The life test processed over
100 kg of xenon propellant and produced a total impulse
of approximately 1.55 MN-s. Exoterra’s unnamed flight
programs (252) require additional life time, beyond JPL’s
demonstration, so the same JPL engineering model
thruster was recently installed in JPL’s high-bay vacuum 9

facility to extend the demonstration to 8187 hours and :

1.73 MN-s. Other qualification tests conducted by JPL Figure  4.38:  Halo12.  Credit:
include a 25,000 ignition cycle heaterless cathode ExoTerra Resource, LLC
demonstration, a 3000-cycle coil TVAC test, and dynamic
testing of the thruster (253). It is important to note that the
thruster tested by JPL was not produced by Exoterra.
However, given that the JPL produced thruster continues
to be operated in support of Exoterra’s commercialization
activities, it is plausable that Exoterra has retained the
key life limiting features of the JPL design (252) (254).

Orbion's Aurora Hall-effect thruster system (Figure 4.39)
is flying on Capella Space's synthetic aperture radar
satellites (255), and will fly on a U.S. Space Force
weather satellite under contract with General Atomics
Electromagnetic Systems (GA-EMS) (256). Orbion also
delivered 33 Aurora propulsion modules to York Space
Systems for a military constellation (257). The Aurora -
propulsion system consists of the Hall-effect thruster and Figure 4.39: Aurora HET, PPU and
cathode, power processing unit, propellant flow system, XFC. Credit: Orbion Space.

and cable harnessing. The system is used for orbit raising, orbit maintenance, and de-orbit. In
ground qualification testing, Aurora has demonstrated 400 kN-s total impulse (258). In 2026,
Orbion became a wholly owned U.S. subsidiary of York Space (259).
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Busek has supplied its BHT-350, Figure 4.40, Hall-effect
thruster to Airbus OneWeb Satellites (AOS) for a range of
missions. Busek engineered and qualified the thrusters for
orbit raising, orbit maintenance, and end-of-life de-orbit.
Eighty OneWeb satellites with BHT-350s launched in
December 2022 and January 2023. More than 100 units
were operating on OneWeb satellites as of August 2023

with all thrusters reported as operational (260) (261) (262) g

(263).

Busek shipped its first flight BHT-600 Hall-effect thruster
system to a U.S. Government customer in early 2021. The
BHT-600 previously demonstrated a 7,000-hour ground
test performed at NASA GRC as part of a NASA
Announcement for Collaborative Opportunity (ACO)
Space Act Agreement (SAA), Figure 4.41. The thruster
successfully demonstrated 70 kilograms of xenon
propellant throughput before the ground test was
terminated (264) (265).

Northrop Grumman’s (NG) Space Systems Sector has
developed the NGHT-1X (Figure 4.42) thruster for its next
generation satellite servicing vehicle known as the Mission
Extension Pod (MEP). MEP carries power and propulsion
for self-propelled orbit raising as well as station keeping
and momentum management when docked to a client
vehicle. MEP is designed for a 6-year mission life but can
carry a propellant load that permits even longer lifetimes.
The thruster is designed to generate a minimum total
impulse of 2.1 MN-s, not including margin, to enable the
MEP mission. NG partnered with the NASA Glenn
Research Center (GRC) to develop the NGHT-1X,
licensing NASA’s technology for a high propellant
throughput, sub-kilowatt Hall-effect thruster. NG’s
SpacelLogistics has sold all three MEPs that are on the
manifest for the first launch on a Falcon 9 rocket planned
for 2026 (266) (267) (268) (269) (270) (271) (272).

The EOS SAT-1 developed by Dragonfly Aerospace for
the EOS Data Analytics space mission successfully tested
its SETS SPS-25 propulsion system. The EOS SAT-1
launched on a Falcon 9 rocket on January 3, 2023 (273)
(274).
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Figure 4.40: BHT—350FIight Units.
Credit: Busek Co.

Figure 4.41: BHT-600 Installed in
NASA GRC Vacuum Test Facility.
Credit: Busek Co.

Figure 4.42: NGHT-1X Engineering
Model Hall-Effect Thruster. Credit:
Northrop Grumman.
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The Aliena Pte Ltd MUSIC-SI Hall thruster (figure 4.43)
was integrated on the NuX-1 3U nanosatellite in July
2021. In-orbit deployment was achieved in January 2022
during SpaceX Transport 3 Mission. Aliena’s Hall thruster
became the first to operate on board such a small satellite,
featuring the lowest power consumption for a commercial
Hall thruster at 20W (275) (276) (277) (278) (279).

The MUSIC-HM Hall thruster from Aliena and four ARM-A
resistojets from Aurora Propulsion Technologies form the
Multi-modal Electric Propulsion Engine (MEPE). MEPE :

was deployed on an Orbital Astronautics 12U satellite Figure 4.43: NuX-1 satellite with
(ORB-12 Strider) in July 2023 by a PSLV rocket (PSLV C- MUSIC-SI Hall Thruster. Credit:
56 DS-SAR mission). The mission will demonstrate the Aliena Pte Ltd

capability of these propulsion systems to support a small

satellite constellation. MEPE’s dual electric propulsion technologies allow both the high thrust,
low specific impulse of resistojets and low thrust, high specific impulse of Hall thrusters. Both
systems share a common propellant, electronics, and fluidics (275) (279) (280).

sas -

d. Summary Table of Devices
See Table 4-10 for current state-of-the-art HET devices applicable to small spacecraft.
Pulsed Plasma and Vacuum Arc Thrusters

a. Technology Description

Pulsed Plasma Thrusters (PPT) produce thrust by triggering an electric arc between a pair of
electrodes that typically ablates a solid-state propellant like polytetrafluoroethylene (PTFE) or
ionizes a gaseous propellant. The plasma may be accelerated by either electrothermal or
electromagnetic forces. Whether the mechanism of acceleration is electrothermal,
electromagnetic, or often some combination thereof, is determined by the device topology (281).

Electrothermal PPTs characteristically include a chamber formed by a pair of electrodes and solid
propellant, wherein propellant ablation and heating occur. During and immediately following each
electric discharge, pressure accumulates and accelerates the propellant through a single opening.
Electromagnetic PPTs characteristically do not highly confine the propellant as plasma forms. The
current pulse, which may exceed tens of thousands of amps, highly ionizes the ablated material
or gas. The current pulse further establishes a magnetic field, where the jxB force accelerates
the plasma. PPT devices that are predominantly electrothermal typically offer higher thrust, while
devices that are predominantly electromagnetic offer higher specific impulse.

The simplest PPTs have no moving parts, which may provide a high degree of reliability. However,
as the solid propellant is consumed, the profile of the propellant surfaces constantly change. Thus,
PPTs with static solid propellant demonstrate a change in performance over their life and
inherently have a relatively limited lifetime. More complex solid propellant PPTs include a
propellant feed mechanism. Typically, the propellant surface profile changes during an initial burn-
in period but then settles into a steady-state behavior where the propellant advancement is
balanced by the propellant ablation.

PPT devices are suitable for attitude control and precision pointing applications. PPTs offer small
and repeatable impulse bits, which allow for very high precision maneuvering. The complete
propulsion system consists of a thruster, an ignitor, and a power processing unit (PPU). Energy
to form the pulsed discharge is stored in a high voltage capacitor bank, which often accounts for
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a significant portion of the system mass. Once the capacitors are charged, resulting in a large
differential voltage between the electrodes, the ignitor provides seed material that allows the
discharge between the electrodes to form. Various materials and gases (including water vapor)
have been tested with PPTs; however, PTFE remains most common.

Vacuum arc thrusters (VAT) are another type of pulsed plasma propulsion (282). This technology
consists of two metallic electrodes separated by a dielectric insulator. Unlike PPTs, one VAT
electrode is sacrificial, providing the propellant source. The mechanism for propellant acceleration
is predominantly electromagnetic, resulting in a characteristically high specific impulse and low
thrust. One variant of the VAT is predominantly electrostatic, through the inclusion of a
downstream electrostatic grid.

b.

Key Integration and Operational Considerations

Safety: PPT capacitor banks often store tens of joules of energy at potentially a couple
thousand volts. Follow good electrical safety practices when operating and storing PPTs
in a laboratory environment.

Input Power Range: PPTs and VATs are pulsed devices, which operate by discharging
energy stored in capacitors with each pulse. Thus, the propulsion system’s average power
draw from the spacecraft bus can be quite low or high depending on capacitor energy
storage and pulse frequency. This flexibility allows PPTs to be applied to spacecraft with
limited power budgets of just a few watts, or ample power budgets of hundreds of watts.
Minimum Impulse Bit: A compelling capability of pulsed devices is the ability to generate
small, precise, and well-timed impulse bits for precise spacecraft maneuvering. By
controlling the discharge voltage, very small impulse bits on the order of micronewton-
seconds are easily achieved.

Compact and Simple Designs: PPTs and VATs are typically very simple and compact
devices. While the total impulse capability is small compared to other forms of EP, these
devices offer a particularly attractive solution for CubeSats, where low cost may be a more
significant consideration than total impulse. The systems are also attractive for learning
environments where propulsion expertise such as high-pressure feed systems and
propellant management may be lacking.

Late-Time Ablation: Although pulsed devices allow for operation over a wide range of
pulse frequency, thruster efficiency typically improves with higher pulse rate. Late-time
ablation is a key inefficiency of solid propellant pulsed devices, where material continues
to ablate from the propellant surface well after the discharge pulse. The amount of material
accelerated may be maximized through higher frequency pulsing.

Thrust-to-Power: Pulsed devices suffer from several inefficiencies including late time
ablation, frozen flow, and wall heating. Propulsion system efficiency is typically below
20%, and may be as low as a few percent. Thus, although pulsed devices may have high
specific impulse, the thrust-to-power is low. Small spacecraft with limited power for
propulsion may find that large propellant loads provide little benefit as there is inherently
a limitation to the number of pulses achievable over the life of the power-limited spacecraft.
Thermal Soak-back: The low thruster efficiencies may result in large thermal loads on
the spacecraft due to thermal soak-back, especially at high rates of pulsing. The
spacecraft’s ability to radiate this energy to limit heating may set an upper bound on the
pulse frequency.

Ignitor: Pulsed devices usually require some form of ignitor to provide seed material to
lower the impedance between the electrodes and initiate the discharge pulse. As such,
the lifetime of the ignitor may drive the lifetime of the thruster. Ignitors may fail due to
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erosion or fouling that prevents sparking. Some devices may include multiple redundant
ignitors to increase system lifetime.

¢ Shorting: The electrodes of pulsed devices are separated by isolating elements. Shadow
shielding or other physical features are typically necessary to avoid shorting between
electrodes as conductive material ejected by the thruster accumulates. While PTFE is an
insulator, the PTFE is reduced to carbon and fluorine when ablated, where carbon
accumulation provides a potentially conductive path. VATs employ metal propellants that
can similarly result in unintended shorting.

o Spacecraft Contamination: As with any conductive propellant, spacecraft contamination
is a concern. Plume interaction with the spacecraft must be understood to assess the
impact of the plume on the operation of critical surfaces such as solar panels, antennas,
and radiators.

c. Missions

In 2019, CU Aerospace was selected for a NASA STMD
Tipping Point award to design, fabricate, integrate, and
perform mission operations for the DUPLEX 6U CubeSat
having two of CU Aerospace’s micro-propulsion systems
onboard, one Monofilament Vaporization Propulsion
(MVP) system (142) (143) (144), shown in figure 4.18, and
one Fiber-Fed Pulsed Plasma Thruster (FPPT) system
(148) (149) (150) (151) (152), shown in figure 4.45. The
FPPT can provide a large total impulse primary propulsion
for micro-satellites through implementation of a novel
PTFE fiber propellant storage and delivery mechanism. A
major enhancement of the FPPT technology over classical
PPTs is the ability to control both the propellant feed rate and pulse energy, thereby providing
control of both the specific impulse and thrust. The FPPT can also provide precision control
capability for small spacecraft requiring capabilities such as precision pointing or formation flying.
Thrust-vectoring capability of £10° in the yaw and pitch axes (also with the potential for roll control
authority) has been incorporated into the system, allowing for limited ACS capability and wheel
desaturation for deep space missions. In-orbit operations will demonstrate multiple mission
capabilities including inclination change, orbit raising and lowering, drag makeup, and deorbit
burns. DUPLEX was delivered to the International Space
Station on a Cygnus cargo ship in September 2025 (154)
(155).

The Benchmark Space Systems’ Xantus thruster (figure
4.44) is a millinewton-class non-toxic metal plasma
thruster that is compatible with multiple solid metal
propellants (283). The baseline molybdenum propellant
has a measured specific impulse of 1774 seconds. The
Xantus thruster first launched in January 2023 on board
the USSF Rapid Revisit Optical Cloud Imager (RROCI)
12U CubeSat demonstration mission. However, the
RROCI spacecraft failed to deploy after launch. Xantus
was successfully deployed on board an Orion Space
Solutions’ 12U CubeSat in low-Earth orbit in March 2024 Figure 4.44: Xantus Thruster. Credit:

(284) (285). Benchmark Space Systems.

Figure 4.45: FPPT 1.7U module.
Credit: CU Aerospace.
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Comat’s Plasma Jet Pack (PJP) vacuum arc thruster can be configured with up to four nozzles
operating on a solid/inert propellant to provide vectorized thrust (286). The PJP has launched as
part of the Vega VV23 mission on the } yndeo-2 6U CubeSat. At the time of this publication, no
details have yet been reported on the commissioning of the propulsion system (287).

The Neumann Drive is a center-triggered pulsed cathodic arc propulsion technology developed
by Neumann Space using molybdenum propellant. The Neumann Drive is offered in multiple
configurations offering a range of propulsive performance depending on available spacecraft
power (288). The ND-15 thruster, designed for nanosatellites, was demonstrated on Australia’s
Skykraft satellite (289) (290) (291), and another ND-15 was flown in late 2023 on the University
of Melbourne’s SpIRIT nanosatellite (292) (295). The ND-50, a more compact system, was
deployed in January 2025 on the 6U EDISON satellite (296) and in January 2026 on the 150 kg
CarbSAR satellite (297) (298).

d. Summary Table of Devices

See Table 4-11 for current state-of-the-art pulsed plasma and vacuum arc devices applicable to
small spacecraft.

Ambipolar
a. Technology Description

Ambipolar thrusters ionize gaseous propellant within a discharge cavity via various means,
including DC breakdown or RF excitation. The escape of high-mobility electrons from the
discharge cavity creates a charge imbalance in the plasma discharge, and the subsequent
ambipolar diffusion accelerates ions out of the cavity to generate thrust.

Because the thruster plume is charge-neutral, no neutralizer assembly is necessary. A variety of
propellants are theoretically usable due to the absence of exposed electrodes (and their
associated material compatibility concerns).

b. Key Integration and Operational Considerations

o Propellant Agnostic: While ambipolar thrusters may be operable on a variety of
propellants thanks to the devices’ lack of exposed electrodes, different propellants will
have different ionization costs (i.e., impact on thruster efficiency), plume behavior, and
propellant storage requirements that should be considered during propellant selection.

o Electromagnetic Interactions: For RF-discharge thrusters, electromagnetic interference
and compatibility (EMI/EMC) testing may be critical to assess the impact of thruster
operations on spacecraft communications and
payload functionality.

o Thermal Soak-back: Low thruster efficiencies
may result in large thermal loads on the spacecraft
due to thermal soak-back. Validated thermal
modeling should be considered to assess impacts
to the host spacecraft.

c. Missions

The SpaceX Falcon 9 Transporter-1 launch in January
2021 included two small satellites with the Phase Four
Maxwell Block 1 onboard. This integrated propulsion
system (Figure 4.46) includes the RF thruster and power Fjgure 4.46: Maxwell Block 1. Credit
electronics along with a xenon propellant tank and feed pPhase Four.
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system (299). Phase Four has further reported in 2023
that its Maxwell Block 2, with improved modularity and
performance compared to Block 1, has been
demonstrated on orbit (300).

The UniSat-7 mission, led by GAUSS, is a 36-kg
microsatellite that launched via Soyuz-2-1a Fregat in
March 2021. This technology demonstration mission
included a T4i iodine-propellant REGULUS (50-12-Small)
module (Figure 4.47), an integrated propulsion system
that includes thruster, power processing unit, and heated
propellant-feed components. The propulsion
demonstration is expected to include orbit raising and

lowering around the 600-km orbit (302) (303) (304).
Figure 4.47: REGULUS propulsion

A 6U CubeSat from Team Miles was awar.de(.j a rideshare module. Credit: T4i
slot onboard Artemis |, as one of the winning teams in
NASA’s Cube Quest Challenge. The objective of the
mission was to demonstrate deep space communications
from beyond a 2.5-million mile range. Twelve ConstantQ
water-propellant thrusters (Figure 4.48), an earlier version
of Team Miles’ current M1.4 system, were integrated
onboard the CubeSat to provide primary propulsion as
well as 3-axis control (305) (306). While the spacecraft
was deployed in November 2022, communications
contact was not established (424).

d. Summary Table of Devices

See Table 4-12 for current state-of-the-art ambipolar
devices applicable to small spacecraft.

Figure 4.48: ConstantQ thruster
head. Credit: Miles Space.

4.6.3 In-Space Propellant-less Propulsion

Propellantless propulsion systems generate thrust via interaction with the surrounding
environment (e.g., solar photon pressure, planetary magnetic fields, solar wind and ionospheric
plasma pressures, and planetary atmospheres). By contrast, chemical and electric propulsion
systems generate thrust by expulsion of reaction mass (i.e., propellant). Four propellant-less
propulsion technologies have undergone in-space demonstrations to date, including solar sails,
tethers, electric sails (and plasma brakes), and aerodynamic drag devices.

Solar Sails
a. Technology Description

Solar sails use solar radiation pressure to generate thrust by reflecting photons via lightweight,
highly reflective membranes. While no commercial products are presently available, a handful of
missions have sought to demonstrate the technology using small spacecraft.
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b. Missions

NASA’s NanoSail-D2, Figure 4.49, launched as a

3U CubeSat secondary payload onboard the Fast, =
Affordable, Science and Technology Satellite
(FASTSAT) bus in November 2010. The 10-m? sail
made of CP-1 deployed from a 650 km circular -
orbit and deorbited the spacecraft after 240 days =

in orbit (307).

The Planetary Society’s LightSail 2 mission p
launched as a 3U CubeSat secondary payload on
the Department of Defense’s Space Test Program
(STP-2) in June 2019. The 32-m? mylar solar sail
was deployed at 720 km altitude and Figure 4.49: Deployment test of the NanoSail
demonstrated apogee raising of ~10 km. Its SO/af sail. Credit: NASA.

mission was still ongoing as of September 2022
(308).

NASA'’s Near-Earth Asteroid (NEA) Scout (Figure
4.50) mission launched as a secondary payload
onboard Artemis | in November 2022. |
Unfortunately, contact was never made with the |
spacecraft, and the sail could not be tested. The ?
6U CubeSat was to deploy an 85-m? solar sail and
conduct a flyby of an asteroid within two years of
launch (309) (310). W

NASA’s Advanced Composite Solar Sail System Figure 4. 50 Deployment test of the Near-
(ACS3) technology demonstration uses composite Earth Asteroid Scout solar sail. Credit:
materials for solar sail propulsion. The unfurled NASA.

sail, approximately 9-m?, was deployed from a 12U CubeSat that launched in 2024 (311).

Tethers
a. Technology Description

NASA has developed tether technology for space applications since the 1960s. A tether is nothing
more than a long wire, conducting or nonconducting, deployed from a spacecraft in orbit. Two
types of tethers and systems can be used for space transportation, with both having had their
fundamental physical principles demonstrated in space:

¢ Electrodynamic Tethers (EDT): A propulsive force of F=ILxB (Lorentz force) is generated
on a spacecraft-tether system when a current / from an onboard power supply is fed into
a tether of length L against the electromotive force (emf) induced in it by the geomagnetic
field B. This concept will work near any planet with a magnetosphere (Earth, Jupiter, etc.).
The resulting force may be used to accelerate the deorbit of a spacecraft, boost a
spacecraft’s orbital altitude (by reversing the direction of current flow using an onboard
power supply), or change its orbital inclination.

¢ Momentum Exchange Tethers: Using completely different physical principles, long
nonconducting tethers can exchange momentum between two masses in orbit to place
one body into a higher orbit or a transfer orbit for lunar and planetary missions. Recently
completed system studies of this concept indicate that it would be a relatively low-cost in-
space asset with long-term, multi-mission capability.
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b. Missions

Important milestones include retrieval of a tether in space on the Tethered Satellite System (TSS)
mission (TSS-1, 1992), the accidental momentum-exchange boost of the TSS-1R satellite when
the tether broke during flight (TSS-1R, 1996), successful deployment of a 20 km-long tether in
space (SEDS-1, 1993), closed-loop control of tether deployment (SEDS-2, 1994), and operation
of an electrodynamic tether with tether current driven in both directions (i.e., power and thrust
modes) (PMG, 1993).

More recently, Georgia Institute of Technology’s Prox-1
mission was launched as a secondary payload on the
Department of Defense’s Space Test Program (STP-2) in
June 2019. The 70 kg spacecraft served as the host and
deployer for the LightSail 2 mission. The Prox-1
spacecraft housed a Tethers Unlimited Nanosat
Terminator Tape (NSTT), shown in Figure 4.51, which
deployed a 70-m tether in September 2019 to lower the
orbit from 717 km. Data from the Space Surveillance
Network indicate that the NSTT caused Prox-1 to deorbit Figure 4.51: Nanosat Terminator
more than 24 times faster than otherwise expected. This 7ape  (NSTT).  Credit:  Tethers
rate of orbital decay will enable Prox-1 to meet its 25-year Unlimited.

deorbit requirement (312) (313) (314).

The Naval Postgraduate School's NPSat-1 was launched as a secondary payload on STP-2 and
deployed its NSTT in late 2020 (314). TriSept’s DragRacer technology demonstration mission,
launched as a rideshare onboard an Electron rocket in November 2020, sought to conduct a direct
comparison of the deorbiting rates of two Millennium Space Systems satellites, one of which used
a 250-m NSTT (314) (315). A comparison of flight data for operation of the NSTT from each of
these three missions has been publicly released (316).

Electric Sails
a. Technology Description

An electric sail (also known as an electric solar wind sail or an E-sail) uses the dynamic pressure
of the solar wind as a source of thrust. By using positively charged wires deployed from a
spacecraft to create electric fields around each wire, a large “virtual” sail is created that deflects
solar wind protons and extracts their momentum. Unlike EDTs, they do not derive thrust using the
Lorentz force. Electric sails must be used outside the Earth’s magnetosphere.

A closely related concept to the electric sail is the plasma brake, an electrostatic deorbit propulsion
system that, like the electric sail, uses Coulomb collisions between the charged wire and the ions
in the surrounding environment (e.g., the Earth’s ionosphere) to generate an electrostatic force
orthogonal to the tether direction, which lowers the spacecraft’s orbital altitude.

These technologies are relatively immature, but researchers in Europe and the U.S. have been
making incremental progress on their development.
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b. Missions

The AuroraSat-1 satellite was launched on an Electron
rocket on May 5, 2022 (158) (159). The spacecraft was
built by SatRevolution with Aurora Propulsion
Technologies providing the payloads. The mission serves
as a technology demonstration for a Plasma Brake
module (157) (Figure 4.52) and an Aurora Resistojet
Module for Attitude control (ARM-A) (156) (Figure 4.19),
both produced by Aurora. The Plasma Brake module on
AuroraSat-1 is a dual-redundant system for demonstration
purposes. A 50-m tether will be deployed to demonstrate
its deorbiting capability.

_ Figure 4.52: Plasma Brake Module
Aerodynamic Drag (PBM) demo unit. Credit: Aurora

a. Technology Description Propulsion Technologies.

Satellites have historically deorbited from low-Earth orbits with the aid of thrusters or passive
atmospheric drag. Given the increasing rate of new spacecraft launched and the associated
potential for new orbital debris following completion of missions, orbital debris management has
gained increasing attention. Space debris poses a growing threat to active satellites and human
activity in space. Allowing decades for defunct spacecraft to decay naturally from low-Earth orbit
is no longer sufficient, as the Federal Communications Commission in late 2022 adopted a draft
rule that requires <2,000 km altitude spacecraft to deorbit within 5 years of mission completion
(318). Aerodynamic drag devices may provide one method to rapidly remove spacecraft from low-
Earth orbits upon mission completion.

Below about 1,000 km altitude, the atmosphere exerts a measurable drag force opposite the
relative motion of any spacecraft, which results in a slow orbital decay. The intensity of the drag
force exerted on the spacecraft depends on numerous factors such as local atmospheric density,
the spacecraft forward facing area, the spacecraft velocity, and a drag coefficient. The drag
coefficient accounts for the drag force’s dependence on an object’s unique geometric profile.
While the spacecraft velocity and local atmospheric density are largely mission dependent, a
spacecraft’s forward-facing area and drag coefficient can be altered by introducing aerodynamic
drag devices such as exo-brakes and ballutes. These deployable or inflatable parachutes and
balloons can greatly increase the drag force exerted on spacecraft by an order of magnitude or
more and significantly increase the rate of orbital decay.

Furthermore, aerodynamic drag devices may be useful to reduce the spacecraft propellant mass
required for orbit capture and disposal at other planetary bodies, given sufficient atmospheric
density exists.

For further details on these devices, see the Deorbit Systems chapter.
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Table 4-2: Hydrazine Chemical Propulsion
Manufacturer Product Propellant T'I["r:l::;t?:r Isn?:z:z(e: Ir::Ltl?sl‘.e Mass Envelope Power ACS Sfal\t’:s Missions References
(Quantity)
- - - [N] [s] [kN-s] [ka] [cm3 or U] W] Y/N C,D,E,F - -
Integrated Propulsion Systems
Aerojet Rocketdyne YSA MPS-120 Hydrazine 0'25( 4_) 1.0 - 0?8(%‘? &) ?gl gg; ?8 - Y D - (99)
. ' 025-10 14 (8U) 12.17 (8U) 8U
Aerojet Rocketdyne YSA MPS-125 Hydrazine () - 9.9 (6V) 9.3" (6U) 6U - Y D - (99)
5.2 (4U) 6.2 (4U) 4U
Stellar Exploration UsA é\ﬁ%gosrgfgsg‘f‘:; Hydrazine i 200s i ; ; i Y F Eﬁ;"ssAtaégggfoar']:" (17) (18) (19) (20) (100)
Stellar Exploration YSA Cu%igézp,:esl;r,:;m Hycll\lr_?_gne/ - 285 - - - - Y D - (100)
Thruster
Aerojet Rocketdyne YSA MR-103 Hydrazine 1 202 - 224 183 0.33-0.37 - <16 - F numerous (8)
Aerojet Rocketdyne YSA MR-106 Hydrazine 22 228 - 235 561 0.59 - <36 - F numerous (8)
Aerojet Rocketdyne YSA MR-111 Hydrazine 4 219 - 229 262 0.37 - <16 - F numerous (8)
Aerojet Rocketdyne YSA MR-401 Hydrazine 0.08 182 200 0.60 - - - F Numerous (8)
ArianeGroup France 1N Hydrazine 1 200 - 223 135 0.29 - - - F ALSAT-2, numerous (6) (7)
ArianeGroup France 20N Hydrazine 20 222 - 230 517 0.65 - - - F Numerous (7)
IHI Aerospace “apan MT-9 Hydrazine 208 - 215 (100 kg)* - - - - F Numerous (16)
IHI Aerospace “aran MT-8A Hydrazine 5 212 - 225 (190 kg)* - - - - F Numerous (16)
IHI Aerospace “aran MT-2 Hydrazine 20 210 - 226 (115 kg)* - - - - F Numerous (16)
Moog YSA MONARC-1 Hydrazine 1 227 111 0.38 113x50 mm | 18 (valve) - F numerous (12)
Moog YUSA MONARC-5 Hydrazine 4.5 226 613 0.49 203x380 mm | 18 (valve) - F NASA SMAP, numerous (12) (13)
Moog YsA MONARC-22-6 Hydrazine 22 228 533 0.72 203x380 mm | 30 (valve) - F numerous (12)
Moog YsA MONARC-22-12 Hydrazine 22 228 1,173 0.69 229x530 mm | 30 (valve) - F numerous (12)
Northrop Grumman Y$A MRE-0.1 Hydrazine 216 (34 kg)* 0.5 114x175 mm 15 - F numerous (14)
Northrop Grumman Y$A MRE-1.0 Hydrazine 218 (544 kg)* 0.5 114x188 mm 15 - F numerous (14)
Northrop Grumman Y$A MRE-4.0 Hydrazine 18 217 (249 kg)* 0.5 61x206 mm 30 - F numerous (14)
Rafael '@ 1N Hydrazine 205 -214 100 0.31 - 9 (valve) F numerous (15)
Rafael 's@¢ 5N Hydrazine 6 210 - 220 74 0.31 - 9 (valve) F numerous (15)
Rafael 's@¢ 25N Hydrazine 28 205 - 220 100 0.53 - 15 (valve) F numerous (15)
Note that all data is documented as provided in the references. Unless otherwise published, do not assume the data has been independently verified.
1 denotes a wet mass, F denotes a dry mass, “-“ = denotes data not available or applicable, * denotes mass of propellant throughput, rather than total impulse
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Table 4-3: Alternative Monopropellant and Bipropellant Propulsion
Thrust per .
Manufacturer Product Propellant | Thruster IR yeiEl Mass Envelope Power ACS T Missions References
- Impulse | Impulse Status
(Quantity)
- - - [N] [s] [kN-s] [ka] [cm3 or U] W] Y/N C,D,E,F - -
Integrated Propulsion Systems
. 0.25-1.0 2.7 (2U) 2.8t (2U) 2U
USA _ _ - -
Aerojet Rocketdyne MPS-130 ASCENT 4) 1.1 (1U) 1.7t (1U) 1U Y D (98) (99)
025-10 19.4 (8U) 14.71 (8U) 8u
Aerojet Rocketdyne YSA MPS-135 ASCENT ' () ' - 13.7 (6U) | 11.27 (6U) 6U - Y D - (99)
7.3 (4U) 7.21 (4U) 4U
Aerospace Corp. YSA HyPer H,O, - - - - 0.25U - - D - (101)
0.25 (1.56 kg)*
Benchmark Space Systems 1 i (6.6 kg)* ) ) Transporter 2
USA Halcyon HTP 5 150 - 170 (32.5 kg)* <4 Y E (Undisclosed missions) (36) (102) (103) (104)
10 (65 kg)*
2 (6.8 kg)*
Benchmark Space Systems | 1o on Avant | HTP + Fuel 10 |290-310| (34kg)* ; ; <15 Y F Sherpa-TLC2 (34) (35) (104)
22 (74.8 kg)*
Benchmark Space Systems Peregrine  |HTP & Alcohol 0'(11 _'52 270-300 | 5-150 - - - - D - (104)
SkySat 1N HPGP Skysat, PRISMA, (24) (25) (26) (27) (105)
Sweden _ 1
ECAPS Propulsion System LMP-103S 1.0(4) > 200 21 22 55 x55x15 10 Y F Astroscale ELSA-d (106) (107) (108)
Busek USA BGT-X5 System ASCENT 0.5 220 - 225 0.57 1.57 1U 20 D - (112) (113) (114)
: : . Water 6U total CubeQuest Challenge
USA _ - - - - -
Cornell University Cislunar Explorer (Electrolysis) (2-units) E (removed from Artemis 1) (37) (38) (39)
(CMP-X) t
CU Aerospace UsA MPUC Peroxide/ 0.23 17 | 1:4(1:5U) 1 2.5 (1.5U) 1.5U 3 N D ; (46) (47)
2.1 (2U) 3.3 (2U) 2U
Ethanol blend
, Nitrous Oxide 0.425 1171 0.8U .
New Zealand _ _
Dawn Aerospace CubeDrive & Propylene 0.5 1.450 2 70t oU N F Multiple (45) (115)
Dawn Aerospace New Zedland SatDrive Nitrous Oxide | ) 5 45 7 | 250280 | 5-500 ; ; ; N F Multiple (45) (115)
& Propylene
Monopropellant Green or 2x22.5
USA + _
Moog Propulsion Module | ‘Traditional’ 0.5 224 0.5 1.0 U W/Thruster N D (116)
Rubicon Space Systems YSA Sprite ASCENT | 0.05-0.15 >195 > 1 <22t 1.5U 2-16 N E GPDM (110) (111) (117)
NASA MSFC UsA LFPS ASCENT 0.1 (4) > 200s >3.5 <557 ~2.4U 15 - 47 Y E Lunar Flashlight (32) (33)
o Lithuani 1.0 BOL 9.6 (preheat) . .
Lithuania . T .
NanoAvionics EPSS C1K IADN-blend 0.22 EOL 213 >04 1.2 1.3U 17 (firing) N F Lituanica-2 (43) (44)
e Lihuani 1.0 BOL
Lithuania _ T - -
NanoAvionics EPSS C2 IADN-blend 0.25 EOL 220 >1.7 2.6 2U N D (43)
Note that all data is documented as provided in the references. Unless otherwise published, do not assume the data has been independently verified.
T denotes a wet mass, 1 denotes a dry mass, “-“ = denotes data not available or applicable, * denotes mass of propellant throughput, rather than total impulse, BOL = Beginning of Life, EOL = End of Life
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