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This paper presents ORBITT (Orbital Refueling By Internal Tank Transfer), a modular
in-orbit servicing architecture to extend the operational lifetimes of satellites in low Earth
orbit (LEO). Many satellites are limited by the onboard propellant; this can lead to premature
mission failure even with fully functional systems. ORBITT addresses this limiting factor by a
novel refueling approach that replaces depleted propellant tanks using an internal track-based
transfer mechanism, rather than relying on direct fluid transfer. The system design operates
from an existing servicing platform based on the ESPAStar. The ESPA ring is used to carry
6 independent Orbital Replacement Units (ORUs), each carrying three 30-liter tanks filled
with Hydrazine. A rotary drum and track-based transfer system enables the exchange of tanks
between the servicing vehicle and the client satellite. A compliant docking interface, designed
around the International Docking System Standard (IDSS), provides alignment, capture, and a
structural connection while supporting the integrated electrical and fluid interfaces. Mission
analysis using representative Sun-synchronous orbit (SSO) satellites in the 500-700 kg range
shows that a 30L replacement tank can increase the available delta-V from approximately 85
m/s to 118 m/s. This increase will enable for meaningful mission extension. Economic analysis
indicates that refueling has the potential to reduce costs by up 85% compared to a complete
satellite replacement. ORBITT provides a modular, scalable pathway towards sustainable
servicing.

Nomenclature

IDSS International Docking System Standard
LEO Low Earth Orbit
ORU Orbital Replacement Unit
RAAN Right Ascension of the Ascending Node
RPO Rendezvous and Proximity Operations
SSO Sun-synchronous Orbit
QC Quick Coupling

I. Introduction
The number of satellites operating in low Earth orbit (LEO), especially in sun-synchronous orbits (SSO), has greatly

increased over the past several years because of a growing demand for Earth observation, communications, and scientific
missions [1]. Although there have been continuous advancements in spacecraft subsystems, many satellites are retired
due to propellant depletion and not to issues such as hardware failure. Once onboard fuel is depleted, satellites will lose
the ability to perform station keeping, orbital corrections, and end-of-life maneuvers. This leads to limited mission
duration and overall mission effectiveness.
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In-space servicing, assembly, and manufacturing (ISAM) is a promising approach to counter these limitations by
allowing maintenance and life extension of in-orbit satellites. One of the capabilities within ISAM is in-orbit refueling,
which has been identified as a key way to extend the lifetime of satellites and improve the flexibility of the mission.
Traditional refueling approaches usually rely on direct fluid transfer between a servicing vehicle and a client satellite.
Although effective, these systems can introduce significant technical challenges, including the need for precise fluid
coupling, leak prevention, contamination control, and standardized interfaces [2]. In order to reduce the complexity
associated with direct fluid transfer, there are alternative approaches to refueling. One approach involves replacing
depleted propellant tanks rather than transferring fluid directly. This simplifies the mechanical interface and reduces
operational risk.

The system proposed in this work, ORBITT, is designed to provide a modular and scalable solution for refueling in
low Earth orbit. ORBITT will utilize an Orbital Replacement Unit (ORU) architecture where filled propellant tanks
are stored within the servicing vehicle and transferred to a client satellite using an internal rotary and track-based
mechanism. This approach reduces the need for complex fluid transfer systems while enabling a more robust and
repeatable refueling process. The system is designed to operate from an existing ESPAStar-based service platform and
will target satellites in sun-synchronous orbits at altitudes of approximately 600–800 km. Representative satellites in
the 500–700 kg class are used to evaluate system performance and mission impact. By allowing the replacement of
depleted propellant tanks, ORBITT has the potential to greatly extend the operational lifetime of satellites, reduce the
need for replacement launches, and improve the sustainability of space operations.

In-orbit refueling has been identified as a valuable mission area within the COSMIC Capstone Challenge due to
its ability to extend mission lifetimes and increase operational flexibility for spacecraft [3]. The modular ORU based
approach presented in this work aligns closely with these objectives by providing a scalable and adaptable servicing
architecture. This paper presents the system design, mission analysis, and key challenges associated with ORBITT,
demonstrating its feasibility as an approach to in-orbit refueling.

II. Mission Overview
ORBITT, or Orbital Refueling By Internal Tank Transfer, plans to solve the issue of limited mission lifetimes

with the aforementioned replacement of propellant tanks. ORUs stored within ESPAstar, along with each port’s track
mechanism will remove and replace the client satellite’s tanks following the procedures outlined below.

A. CONOPS: Concept of Operations

Fig. 1 ORBITT Concept of Operations
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B. Mission Plan
The following phases detail how the expected mission will be conducted from start of ESPAStar’s insertion into a

parking orbit to the end of life maneuver for the ESPAStar. Note, some of the phases will be discussed in depth in the
refueling sequence subsection.

Phase 1. Client Satellite Determines Need for Refueling
The Client Satellite’s onboard fuel management system detects that propellant levels have dropped
below the operational threshold. A refueling request is initiated and transmitted to ground control for
authorization.

Phase 2. Client Satellite Determines Orbit Alignment with ESPAStar
The Client Satellite computes the relative orbital parameters of the ESPAStar servicing vehicle. �+

requirements and phasing maneuvers are calculated to achieve rendezvous conditions.

Phase 3. Client Satellite Matches Orbit with ESPAStar
The Client Satellite executes a series of phasing and transfer burns to align its orbit with ESPAStar,
achieving proximity operations range.

Phase 4. Refueling Sequence
See subsection below.

Phase 5. Client Satellite Confirms Refueling and Unlocks from ESPAStar
The Client Satellite’s avionics confirm successful tank installation and nominal propellant system readings.
Structural latches disengage in sequence, the two spacecraft separate safely. The Client Satellite executes
departure burns to return to its operational orbit.

Phase 6. ESPAStar Mission Next Steps
If the ESPAStar has remaining tanks after the previous refueling, it will return to it’s nominal parking
orbit and the mission plan will return to Phase 1. If the ESPAStar has depleted all of its tanks, it will
begin deorbiting maneuvers and a new vehicle will be launched for the continuation of a new mission.

C. Refueling Sequence
The following procedure outlines the nominal in-orbit refueling sequence between a Client Satellite and the ESPAStar

servicing vehicle, including interaction with the Orbital Replacement Unit (ORU) carrying replacement fuel tanks.

Step 1. Client Satellite and ESPAStar Align Refueling Sections
Both vehicles perform fine attitude control maneuvers to align their respective refueling interfaces. Proximity
sensors and visual cameras confirm geometric alignment of docking ports and fuel transfer couplings.

Step 2. Client Satellite and ESPAStar Lock Together
The two spacecraft mechanically dock and form a combined vehicle configuration. Structural latches
engage, electrical and data interfaces connect, and the two satellites effectively operate as a single integrated
platform for the remainder of the refueling sequence.

Step 3. Client Satellite and ORU Align Track
With the combined vehicle stabilized, the design of the docking and transfer track system results in alignment
of the tracks. The Client Satellite’s fuel tank bay forms a continuous line to the ORU’s delivery track.

Step 4. Client Satellite Deposits Empty Fuel Tank
The spent, empty fuel tank is extracted from the Client Satellite and transferred along the track to the
ORU for stowage. Once transferred from the Client Satellite to the open chamber of the ORU, retention
mechanisms release under controlled actuation, and the empty tank is secured in the ORU’s open chamber.

Step 5. ORU Rotates to Align Full Fuel Tank
The ORU rotates its tank rotary mechanism so that a full, flight-ready fuel tank is indexed to the transfer
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track position, resulting in a complete and continuous line from the ORU delivery track to the Client
Satellite’s fuel tank receptacle.

Step 6. Full Fuel Tank Deposited into Client Satellite
The full fuel tank is transferred along the track and inserted into the Client Satellite’s fuel tank bay.
Mechanical latches engage, and fluid couplings seal automatically. A leak check and tank pressurization
verification are performed. Once complete and secured, the Client Satellite can begin operations for another
tank transfer or de-attach from ESPAStar, dependent on fuel requirements.

III. Mission Analysis

A. Orbit Requirements & Reference Satellite Selection
The first orbit parameter to be defined is the inclination of orbit. Sun-synchronous orbits (SSO) were chosen due to

the high population density in low Earth orbit (LEO), minimal drag at higher altitudes, and the lower �+ needed for
coplanar maneuvers. Using data from Fig. 4 in [4], the most populated inclination in this band was 98 degrees. This
choice is very important to minimize planar transfers, which cost large amounts of �+ . The second parameter was the
altitude to orbit. There are two large population bands on each side of 700-800 km (shown in Fig. 3 of [4]), so 800 km
was chosen to minimize atmospheric drag while still maintaining a large client base near orbit. The drift of the right
ascension of the ascending node (RAAN), a critical parameter for SSO orbits, was then determined to be 0.917 degrees
per day with an orbit velocity of approximately 7.51 km/s.

The reference satellite selection was based on SSO spacecraft in LEO, with Orbital Focus used as the primary
dataset for identifying representative vehicles within the target mission class [5]. Among the candidates considered,
EO-1 emerged as the strongest baseline reference because it offers a relatively high level of publicly available technical
information compared with other SSO satellites, allowing for more defensible estimates of spacecraft mass properties,
propulsion characteristics, and maneuvering capability [6]. The comparison of EO-1, CALIPSO, and SMOS showed
a consistent spacecraft scale, supporting a constrained reference mass range of approximately 500 to 700 kg and a
propellant range of roughly 20 to 30 kg [7]-[8]. These bounds are important because they provide a realistic systems-level
benchmark for designing a servicing or refueling architecture intended to operate with typical SSO spacecraft in LEO.
Rather than selecting a reference satellite only by name, this approach ties the research to the broader objective of
defining a representative client class, which helps guide assumptions for tank sizing, propulsion feasibility, and expected
in-orbit servicing value.

To connect the satellite survey to propulsion performance, the analysis used the Tsiolkovsky rocket equation to
estimate �+ for both the original onboard propellant load and a refueled case based on the team’s selected 30 L tank
design. Using an assumed average specific impulse of 220 s for hydrazine monopropellant systems, the resulting
estimates showed that the selected reference satellites occupy a narrow and useful performance band: original �+

capability was approximately 85–97 m/s, while the refueled case increased this range to about 100–118 m/s [9].
Conceptually, this is important because it links satellite mass and propellant capacity directly to the practical benefit of
refueling, showing that even modest propellant addition can produce a meaningful increase in maneuvering capability
for orbit maintenance, mission extension, or limited repositioning. In this context, EO-1 remains the most valuable
reference not only because of data availability, but because it represents a technically credible midpoint within the
selected spacecraft class. Overall, the research supports the use of EO-1 and comparable SSO spacecraft as a rational
foundation for estimating propulsion needs, validating tank-sizing assumptions, and framing the expected performance
gains of a refueling mission architecture in LEO.

The atmospheric burn up of the satellite is the last stage of its life cycle. The orbit only decays around 126 meters
per year according to the orbital energy equation, so the reentry must be induced. The rapid heating region (70-80
km) is where a large part of the melting and break up of the satellite occurs on reentry. The Sutton–Graves stagnation
heating correlation calculates around 1 ",/<2. Most external structures melt and detach in this region due to high
pressures and heat. Until around 40 km, any material that cannot sustain this heating, such as the aluminum body, will
be either melted into the atmosphere or dispersed into small fragments. The only material on the craft that can survive
the heating would be any steel parts and the empty titanium fuel tanks. This leaves a mass of around 100 kg, or roughly
15% of the initial mass, landing on the ground [10].
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B. Economic Considerations
The guiding principle behind the economic analysis of the ESPAStar refueling operation was to verify the efficacy

of this business model. This economic framework hinges on the fact that it is cheaper for client satellites to pay the
vendor to use the ESPAStar’s refueling services than for the clients to launch a new satellite to replace their original.
Therefore, to conduct this investigation, it was first necessary to determine the start-up cost associated with placing the
ESPAStar in LEO. According to publicly available information from manufacturer Northrop Grumman, the ESPAStar
has a dry mass of 470 kg and a fuel capacity of 330 kg [11]. Provided this craft carries 18 thirty-liter tanks of liquid
hydrazine for refueling client satellites, the ESPAStar would have a total mass of 1333.5 kg. Following a thorough
review of existing launch vehicles capable of placing client satellites in LEO, SpaceX’s Falcon 9 rocket was selected as
the most commercially viable rocket for this operation. Per SpaceX’s publications, Falcon 9 has a client launch cost of
$74 million and a maximum thrust payload of 22,800 kg [12]. Presuming a linear relationship exists between cost of
launch and payload capacity, it was determined that the SpaceX Falcon 9 launch program charges $3250 per kilogram
payload. Therefore, it would cost $4,333,875 to launch the ESPAStar into LEO to conduct refueling operations.

Secondly, this initial investment was used as a benchmark to calculate the price charged by the vendor to client
satellites for refueling and to validate the profitability of this operation. Selecting the EO-1 as the target client for
refueling, it was found that it would cost a prospective client an average of $2,275,000 to launch one of these satellites
into LEO. This value was selected as the upper bound of the vendor price. If the price of refueling were set any higher,
it would be cheaper for the client to simply launch another satellite instead of using the vendor’s services. Assuming
the ESPAStar sells all 18 tanks during its operation and that all other costs associated with the ESPAStar are trivial in
comparison to the launch cost, the lower bound of the price charged by the vendor (the break-even point) would be
$240,770. If the cost of refueling is any lower, the vendor would lose money by conducting this operation. In the
current market, it is common for highly specialized contractors working on large-scale projects to implement markups
of around 40% [13]. Taking the break-even point as the base rate and applying the 40% mark-up, it was decided that it
would be reasonable for the ESPAStar vendor to set the price of refueling at $337,078, or approximately $350,000 for
each hydrazine tank, ensuring a fair market price for the client and a strong return on investment for the vendor. These
finalized numbers represent that refueling is around 85% cheaper than launching a new satellite.

IV. Subsystem Design

A. Docking Mechanism & Plumbing Interface Design
The proposed docking mechanism is a three-arm, compliant capture system designed to enable reliable, low-impact

docking between a servicing spacecraft and a client satellite. This design draws directly from principles established in
the International Docking System Standard (IDSS) and the NASA Docking System (NDS), particularly in the areas of
soft capture, alignment, and structural attachment. The goal is to achieve a simplified, modular alternative to traditional
ring-based docking systems while maintaining compatibility with proven docking behaviors.
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(a) Female docking port. (b) Male docking port

Fig. 2 Both sides of the docking port design.

At initial contact, the three spring-loaded arms act as a soft capture system, providing a large capture envelope
and accommodating misalignment between vehicles. This approach is inspired by the NDS soft capture architecture,
which is designed to “accommodate vehicle misalignments” and “attenuate the relative motion of the two vehicles”
before rigid attachment [14]. The inclusion of compliance through spring mechanisms mirrors the function of actuators
and damping elements in NDS. By distributing contact across three arms, the system achieves stability similar to the
multi-petal capture mechanisms used in legacy and modern docking systems.

Following initial capture, guide pins and corresponding alignment holes ensure precise positioning of the two
spacecraft. This feature directly reflects IDSS requirements for alignment guides, which use tapered holes or guide
pins to bring docking interfaces into concentric alignment prior to hard mate . Proper alignment is critical not only for
structural integrity but also for enabling subsequent electrical and mechanical connections. In this design, alignment is
passively achieved through geometry, reducing reliance on complex control systems.

Once aligned, the arms transition into a hard capture role, locking into place to form a rigid structural connection.
This function is analogous to the structural hooks used in IDSS-compliant systems, which engage to create a secure
load-bearing interface between docked vehicles . While traditional systems separate soft and hard capture into distinct
subsystems, this design integrates both functions into a single mechanism, reducing mechanical complexity while
preserving functionality.

Finally, the docking interface includes provisions and space for electrical connections and servicing operations, such
as power/data transfer and propellant tank replacement. This aligns with the NDS capability for post-docking umbilical
connections, which enable power and data transfer between the docked spacecraft after structural mating is complete .
By combining docking and servicing into a unified interface, the design supports the broader goal of modular, reusable
satellite infrastructure.
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