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ABSTRACT 
With a growing number of objects in space, the pressure to be sustainable and more efficient with 
resources is increasing. Driven by technological advancements, the reuse of space hardware becomes 
feasible and viable as alternative to spacecraft end-of-life disposal. Reuse of space hardware promises 
benefits in areas like mitigating space debris risks, cost reductions, and environmental sustainability on 
Earth and in space. However, challenges related to the space environment, like micro gravity, unknown 
changes due to radiation, and the energy requirements to perform maneuvers in space must be addressed 
in order to enable spacecraft reusability. Nonetheless, reuse of space hardware is an important objective 
related to long-term space exploration with implications on the human expansion into space. This paper 
investigates the requirements for reusability of spacecraft and if circular economy strategies can support 
implementing reusability for spacecraft. Based on the finding of expert interviews, it argues for design 
as a key enabler. It introduces design for X, design for circularity, and design for reusability, and 
explores how reusability of space hardware implies the need to include the space environment in design 
decisions. 
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1 INTRODUCTION  

The rapid growing number of objects in Earth orbits is leading to environmental concerns related the 

space and Earth (Lawrence 2022; Miraux, 2021). Most satellites that are currently launched into space 

are planned to be disintegrated and burned up in Earth atmosphere by the end of their life cycle where 

long-term effects on the environment are still largely unknown. In addition, non-operational and non-

functional spacecraft can case collisions with catastrophic outcomes like the Kessler Syndrome, where 

collisions between objects can cascade and generating more and more debris (Kessler, 2010). Actors 

in government, research, and industry alike, now look to mitigate the involved risks. Implementing 

circular economy principles can be seen as one path for risk mitigation and sustainability in space. The 

circular economy is a sustainable economic model and the attempt to integrate economic activity and 

environmental wellbeing, aiming to keep resources in use for as long as possible (EU Parliament, 

2022; MacArthur, 2013, 2021; Murray, 2015). It is based on three core principles, reuse, repair, and 

recycle, with the goal to minimise waste and pollution, and to maximize the use of resources. In 

contrast, in a linear economy, resources are extracted from the Earth, turned into products, and then 

sold to consumers. Once the products are used, they are thrown away, typically with only some parts 

reused or recycled. Spacecraft are generally produced and used in a linear way and built with a one-

mission purpose to be disposed, either burned up in Earth's atmosphere or placed in a disposal orbit 

(also: graveyard orbit, a specific orbit away from common orbits, where decommissioned spacecraft 

can be placed without posing harm to another spacecraft). The circular economy and circular 

principles have the potential to address challenges faced by linear products on Earth, such as 

environmental pollution and impact, societal and economic impact, or resource depletion on Earth 

(MacArthur, 2021). It is reasonable to assume that extending the circular economy to space, 

establishing a circular space economy, and applying the concepts to spacecraft and space hardware can 

have similar effects in space and in the space industry, potentially helping to reduce the impacts on the 

space environment and with becoming overall more resource efficient. The mentioned effects related 

to Earth during the production and operation of space mission related activities on Earth would apply 

additionally. Historically, circular principles, the Circular Economy, and a circularity perspective are 

focused on Earth and do not take space environment related challenges like micro gravity, limitations 

in collecting and processing materials, energy needs etc. into consideration. While it is assumed that 

circular principles like upgrade, repair, remanufacturing, and reuse of components can mostly be 

applied across industries on Earth, questions on the applicability to the spacecraft and space hardware 

remain largely unanswered. Several authors suggest that design can be a major driver behind the 

circular economy (MacArthur (2013, 2021); Waste360 (2021); Münster a al. (2022); Fleischmann 

(2018); Bocken et al. (2016); Andrews (2015); Sassanelli (2020); Dokter 2021). Diaz (2020) points 

out that it's not necessarily the designers and the design process itself, that are a major driver for the 

circular economy, as the primary decision regarding a product are made before the design stage (Diaz 

2020). The aim of the paper is therefore to advance knowledge on design as enabler for reusability of 

spacecraft and how circular economy strategies can support the reusability of spacecraft. Expert 

interviews to collect preliminary insight in experts' thoughts on the benefits of spacecraft reusability 

are complemented with literature search for circular economy strategies. The underlying assumptions 

are that design has an impact on reusability and that design can support extending the circular 

economy to outer space. 

2 THEORETICAL FRAME OF REFERENCE 

The concepts of a circular economy and Design for X/Circularity are well documented in literature 

(MacArthur, 2013, 2021; Kirchherr, 2017; EU Parliament, 2022, Sassanelli, 2020, Suppipat, 2022, 

Salvador at al., 2021). However, research related to circular economy in space is limited and a large 

amount of literature focuses on the possible use of space debris and the refuelling of satellites 

(Leonard, Williams, 2023). Hence, general context and theoretical knowledge on circularity seems 

necessary (Weiss et al. 2021). We provide an introduction into spacecraft categories and an overview 

on circular economy principles, discuss the idea of a circular space economy and reusability in a space 

context, and close with the concept of Design for X/Circularity.  
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2.1 spacecraft categorization 

Chandra (2008) explains a spacecraft as "[…] a vehicle or device designed for travel or operation 

outside the Earth’s atmosphere, whereas a satellite is an object that orbits the Earth, the moon, or 

another celestial body." Spacecraft are categorized in flyby, orbiter, atmospheric, lander, rover, 

penetrator, observatory, and communications spacecraft (NASA, 2003). For this research, spacecraft is 

used equally to describe satellites in any Earth orbit, a space station, or rovers, satellites, or other space 

hardware like the Hubble space telescope or rovers on Mars.  

2.2 Circular economy principles 

The guiding principles of a circular economy have the intention to maximise resource use and to limit 

resource waste (MacArthur, 2021; Blomsma and Brennan, 2017). While resource efficiency and waste 

reduction are intended results for a circular economy, it is still about the economy (Webster, 2021, 

Hina 2021). Webster (2021) argues that a circular economy cannot deliver "ready-made" solutions that 

"wrong-headed material recovery" recycling advocates supports. The inherent issues stemming from a 

new perspective and system change needs to be investigated further, however, this paper limits its 

view on the economy-view and follows Websters call for more interdisciplinary work related to the 

circular economy (Webster, 2021). An indicator that is pointing to the broadness of the circular 

economy can be found in the research of Kirchherr (2017). Kirchherr (2017) found 114 definitions of 

a circular economy and used them to create the 9-R Framework (Figure 1). While the sub-strategies 

are more in detail, the core principles align with the 3 core circular economy principles, reduce, reuse, 

recycle, as presented in MacArthur (2021).  

 

Figure 1. Kirchherr (2017). 

One general reason to implement reusability and driver for the reuse of components or materials is 

economic benefits, which can be supported by continuous innovation of products and the production 

process. Babbitt at al. (2016) notes the need to continuously innovate and decuple economic growth 

from resource use as a clear difference between the circular and linear economy. In a circular 

economy, the whole life cycle perspective needs to be considered and with this, an end-of-life strategy. 

To be able to reuse them, spacecraft need to be designed to support their collection and the processing. 

This is especially for smaller spacecraft complicated and financially not feasible with current 

technologies. Due to rapid changing technologies, circular products can be optimized towards efficient 

use of materials and effective production processes. Implementing circular economy principles adhere 

the adaption of holistic innovation management, supporting constant change and optimization. In 

principle, the circular economy promises to help solving some of the most pressing issues in our time. 

However, Anastas (2020) points out that any problem statement needs to be designed and 

implemented wisely and "a half-designed circular economy would be, yet another example of good 

intentions gone awry." The mentioned problem statements help to find appropriate approaches for the 

implementation of circular material flows in products but can also be applied to innovation 

management. 
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2.3 Circular space economy 

The circular space economy can be understood as an extension of the circular economy concept but 

applied specifically to space exploration and development. The concept of a circular space economy 

gains traction as technology advancements and lower launch cost leading to increasing amount of objects 

in space. It aims to promote sustainable space exploration and development by minimizing waste and 

maximizing the use of resources in space. This involves strategies such as developing closed-loop 

systems, using in-situ resource utilization to extract and utilize resources from other celestial bodies, and 

designing spacecraft and habitats for disassembly and reuse. There are several reasons why the circular 

economy should be extended into space, like the need for an efficient use of resources, environmental 

protection, economic benefits, and human expansion and settlements. Overall, extending the circular 

economy to space, or creating a separate circular space economy, can help to promote sustainability, 

protect the environment in space and on Earth, and can support economic growth. It also promises to be 

an approach for a sustainable and resilient future in space and on Earth.  

2.4 Reusability in a space context 

Reusability of space hardware is still limited and mostly theoretical. This is due to missing 

technologies for capture and manipulation of spacecraft in orbit. Reusability, spacecraft reusability, 

and reuse of space hardware refers generally to the reuse of all robotic spacecraft as defined by 

Chandra (2008). The space industry is still considered an emerging industry and must develop 

fundamental technologies and procedures. Hence, reuse applies mostly to space transportation systems 

like rockets, modules for the space station, and capsules for cargo or human transportation, like the 

Lunar Lander example in de Freitas (2021) and the reusable rockets of SpaceX, Isar Aerospace, 

Rocket Factory etc. The progress and technological advancements of the last 5-10 years is increasing 

the hopes for new options to become feasible, like the refuelling of spacecraft. However, due to the 

high launch cost per kilogram, these options are considered only economical for large (mostly 

communication) satellites, typically in geo-orbits. The technology needed to be able to reuse of space 

hardware in lower orbits or even to reuse or remanufacture the components of spacecraft is still in its 

infancy and won't be broadly available in the coming years. The two concepts, first, spacecraft 

reusability, refers to any spacecraft to be designed to be reused. Second, reuse of space hardware, 

refers to reusing any component or the materials of spacecraft. For this research, both concepts are 

used together as both imply the applicability of the second circular economy principle, reuse, and the 

five strategies R3-R7 (Figure 1). The goal is to enable an automated extension or adjustment of 

spacecraft objectives or missions, as human service missions are limited with current available 

technology (Daxer 2021). 

2.5 Design for X, design for circularity, circular design 

Design for X (DfX) is a product design approach that is incorporating a range of disciplines with a focus 

on the entire product life cycle. Gatenby (1990) described the X, as "manufacturability, install ability, 

reliability, safety, serviceability, and other downstream considerations beyond performance and 

functionality." DfX is a holistic approach that considers a variety of the product aspects, from design, 

development, production, maintenance to its disposal (Sassanelli, 2020). DfX is an iterative process that 

involves continual improvement and refinement of the design to ensure that the product meets the needs 

of the customer. It is based on the premise, to include design from the start of the product development 

and to address the needs of all stakeholders, such as the customer, the manufacturer, the environment, the 

user, and the society. Design for Circularity (DfC) is a product development approach that seeks to 

minimize the use of resources and maximize the value of a product throughout its entire life cycle 

(Berwald 2021). This approach encourages designers to think beyond just the initial phases of a product's 

life and to consider the resources used to create, use, repair, repurpose, and ultimately recycle the product 

(Suppipat, 2022). DfC encourages the use of renewable materials, efficient manufacturing processes, 

intentional design for reuse and disassembly, and to design for repairability and upgradability (EEA 

2017). In addition, research related to circular design and design for product life extension can be found 

in Moreno (2016). Moreno (2016) identifies key circular design strategies and mapped them out against 

circular business model archetypes. Knowing the relationships "[…] between design strategies and 

multiple business models is imperative to make the transition from a linear economy of take-make-

dispose to a circular one." (Moreno, 2016).  
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3 RESEARCH METHOD 

This paper presents the results of interviews that were carried out with experts related to spacecraft 

design and space missions. The rational was to gather state-of-practice knowledge related to 

reusability of spacecraft. Specifically: categorization of reusable parts of spacecraft, the benefits, 

perceived barriers and how reusability can be achieved in future spacecraft. Therefore, a semi 

structured interview guide was developed, covering these areas. Six senior level experts were selected 

based on their background and expertise related to reuse of materials, in-situ resource utilization, space 

sustainability, and their general knowledge on the space industry. When possible, interviews were 

recorded and stored for later analysis. The appendix provides an overview on the participants, their 

background and main area as well as their take on the obstacles and benefits of reuse of space 

hardware. A table with the interview questions and information on the experts can be found in the 

appendix. Even though we refer to circular economy in this paper, it should be noted that we did not 

consider all strategies, concepts, or perspectives of a Circular Economy in the interview, like Life 

Cycle Analysis or an environmental perspective. The interviews made it clear that design and an 

economic perspective are the first dimensions to be addressed. 

4 FINDINGS 

Following chapter, we provide the key findings from the analysis of the interviews. Understanding, 

and reusing, materials or components depends on the background and discipline the interviewed expert 

operates in. So can components be seen as components, but also as a foundation for additive 

manufacturing feedstock. The question regarding benefits of reusing spacecraft, little discrepancy was 

found. All experts saw value and clear benefits not only related to resource efficiency but moreover in 

the implications for future space missions, like cost saving, innovation drivers, and time saving. 

4.1 Components, materials, units, categorizing reusable spacecraft parts 

Depending on the position and background of the interviewed expert, differences in understanding 

units, components, and materials were visible. The granularity in detail was higher for the expert 2 

while expert 1 did not directly differentiate parts as challenges were seen in melting and sorting of 

materials. Having different terms and using top-level categories can help connecting possible options 

for reuse. For this paper, we found to use parts, a component with multiple sub-components, a 

components, and materials in components, that can be reused. 

Table 1. Sup-categories of spacecraft; units, components, and materials 

Sub-Category Main Purpose How to Reuse? 

Unit Multiple components 

together, in one 

functional unit.  

Exchange with upgraded units (e.g., within a modular 

system); options to disassemble of components needed.  

Components Functional parts of a 

unit. 

Exchange of full components, upgrade, remanufacture.  

Materials Materials in 

components. 

Melting as new materials for additive manufacturing 

and to create new components or parts. 

Reuse (recover) rare-earth materials as a positive side 

effect. 

Waste None Recycling. 

4.2 Benefits for reuse of space hardware 

Without measurable benefits, reusing space hardware will not work. We do not categorize the benefits 

for this research and refer to all areas jointly: economic, environmental. monetary, technical, and 

procedural alike. All experts saw a major benefit in cost reductions that are a result in less weight to be 

launched and therefore less fuel. Environmental aspects were mentioned, however, as research on the 

impact of rocket launches is limited, this research did not consider it. The implication, of course, is 

that all technologies to capture, process, and reuse (refurbish, repair, upgrade) of spacecraft is 

available. All participants agreed, that designing spacecraft with a view on reusability is critical and a 

first step to develop reusable spacecraft. Like other industries, this change can lead to cost reductions 

in the development phase and using the same components can lower the overall cost for development 
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of spacecraft and can even support with the recovering of rare-earth elements (Babbit et al., 2021). 

Similar to other industries on Earth, the ability to upgrade products can lead to significant reductions 

in cost and optimized production (Zikopoulos, 2022). In their findings on the viability of a circular 

economy for space debris, Leonard and Williams (2023) presented a novel report model on the 

monetary value of space debris. They developed "reuse" and "scrap material" scenarios to estimate 

valuations of the payloads (Leonard, Williams, 2023). To conclude, there are benefits of reuse of 

space hardware however, with the technology to capture, process the components and materials in its 

infancy, the economics are limiting factor. 

4.3 Single mission objective spacecraft 

Historically, spacecrafts are being designed for a single mission objective or purpose. The findings 

were not conclusive. Components are specifically built and integrated into a spacecraft, either a single 

or even in constellation settings. The interviews did not go into detail regarding this question, findings 

show, however, more research related to repurposing spacecraft is needed. 

4.4 Product assembly and disassembly 

A common point is the obligatory need and ability to disassemble and (re-)assemble spacecraft. As 

Boothroyd (1992) argues, there are enormous benefits if implementing design for assembly and 

disassembly at early stages of design phases. Adding the option to disassemble a spacecraft is a basic 

requirement to for the reuse principle. Without the technology to perform a disassembling task, there 

is no need for spacecraft be designed for disassembly. With the repair and service missions to the 

Hubble Space Telescope, technically, the first human-based, in-space disassembly and assembly 

mission has been performed. The interview finding is a suggestion to consider not only the ability to 

assemble and disassemble a spacecraft, but also to design components, units accordingly.  

4.5 The path to design for spacecraft reuse 

The main finding of the interviews was the apparent need to design spacecraft to be reusable and to 

implement DfC strategies is suggested as first step towards spacecraft reusability. However, design 

concepts like DfX, DfC, Design for Assembly (DfA), etc. are fundamental design concepts that are 

enable circular material flows on Earth. They do not, however, take the implication due to the space 

environment into considerations.  

Table 2. The path to design for spacecraft reuse, based on Boyaci (2016), Gatenby (1990), 
Sassanelli (2020), Suppipat (2022), verified through interviews. 

 Design for Circularity Design for Reusability Design for Spacecraft Reuse 

Aim Minimize the use of 

resources, maximize the 

value of a product, 

sustainability, lower cost. 

Maximum potential of 

product, lower cost, 

sustainability. 

Maximum potential of the product 

with extended use of components, 

and minimum use of resources. 

Recovering of rare-earth materials, 

long term cost and system 

reliability. 

Perspective Multiple life cycles, 

resource focus.  

Entire life cycle, product 

focus. 

Circularity and multiple life cycles 

with possible changes of mission 

objectives. 

Tools Life cycle and used 

resources (materials) 

knowledge. 

Material and component 

changes over time. 

Detailed knowledge of materials 

used and understanding of their 

features at any given time, 

spacecraft blueprint with detailed 

components, including their sub-

components, materials.  

Special 

Consider-

ations 

Repairability, Assembly, 

Disassembly. Integrating 

components in different 

products to extend 

lifetime. 

Obsolescence, Trade-off 

reuse vs. remanufacture. 

Diss/assembly of products 

and components. System 

vs function reliability. 

Space environment, complicated 

logistics, energy needs, distances, 

systems vs component reliability, 

business models. Sustainability for 

space activities (Chanoine, 2015),  

Table 2 provides the background on the novel concept that combines the general premise of DfX, like 

the DfC and the Design for Reusability (DfR) and adds another perspective for the space environment 

to it: Design for Spacecraft Reuse (DfSR). The novel concept is based on the interviews and supported 
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by a literature search related to DfX. The goal is to encourage designers (and design-decision makers) 

to actively consider all requirements and design adjustments for reusability, that are implied by the 

space environment, e.g., lower gravity, radiation, space debris, temperatures, vibrations during launch, 

energy needs, and end of life scenarios. The authors suggest DfSR as required step towards in-space 

reusability of spacecraft. Depending on the spacecraft location and type, DfSR would suggest adding 

design elements for diss/assembly, repairability, re-manufacturability, upgradeability, or optimizing 

the life cycle of a component and spacecraft. Reusing spacecraft and maximizing the time-in-use of 

space hardware can ensure maximum potential of materials, in the best case and with adjusting or 

changing space mission objectives and spacecraft repurposing, over multiple life cycles. With an 

intentional focus on designing reusable spacecraft, energy and resources can be saved, as well as 

overall mission risks and total cost reduced. 

5 DISCUSSION  

The aim of the paper was to advance knowledge on how design impacts reusability of spacecraft and 

how circular economy strategies can support reusability of spacecraft. A main finding is that 

spacecraft are not yet designed to be reused. One reason seems that the technology to reuse spacecraft 

components and materials is not available. Some of the newer spacecraft have refuelling capabilities, 

but standards for docking, capture manoeuvres and ultimately to perform reuse operations are not 

commercially available. In addition, ownership and liability questions related to the capturing of 

spacecraft, especially considering risks during docking are widely unanswered. However, as our 

research is focussed on reuse of components and it is reasonable to assume that, if spacecraft are 

designed to be reusable and once the technology is available to process components in space, even the 

production of missing parts in space, can add significantly more value to the spacecraft value chain. 

The proposed novel concept of Design for Space Reuse can support the extension of the circular 

economy to space. With this increase of total value and possible profit of reusing spacecraft 

components and materials, trade-offs calculations related to refuelling old spacecraft vs. launching 

newer with upgrades, vs. individual performing upgrade missions in-orbit can be overworked. In 

addition, de Freitas Bart (2021) argued for the trade-off to not implement reusability based on the 

amount expected missions, with the option to implement hybrid reusability if more missions are added 

at a later stage. This trade-off might then be partially or totally obsolete. Koch (2021) presented a 

business case and compared the prices to transport 100 tonnes of aluminium into space vs. using space 

debris. The results are promising and show enormous cost saving potential. Our interview findings 

pointed out three significant challenges that must be overcome: First, spacecraft are typically built 

with a specific mission concept. Changing a mission objective after a first one is achieved, can have 

significant increased value on spacecraft total return on invest. One interviewed expert suggested 

switching between missions, like having a foldable seat row in a car to transport goods or to have 

more seats for passengers. Second, knowledge and technology for assembly and disassembly of 

spacecraft in space are limited. Spacecraft are typically built manually and by humans on Earth and 

are not intended to be disassembled otherwise. The Hubble space telescope can be a case for the 

possibility to upgraded and change parts, but the majority of spacecraft are not built to be reusable. 

One possible explanation is that the disposal of spacecraft is leading to early design decisions that 

make it impossible, or very hard, to add the option for reusability. Third, even if capturing a spacecraft 

and automated disassembling and reassembling are possible, the reuse-related knowledge about 

material degradation, which components that can be reused, exchanged, upgraded, etc is not available 

yet. Similarly, guidelines and standards regarding the re-certification of reused parts or materials is in 

early stages, however, NASA (2016) introduced methods to catalogue materials characterizations and 

approved parts for in-space manufacturing and utilization. Like this, a catalogue for used (and 

certified) components will be needed towards fully reusable spacecraft. The findings of this research 

presented DfX as an approach to implement reusability in spacecraft and suggests the novel DfSR to 

extend Earth-based design concepts with space environment related considerations. 

6 CONCLUSION AND FUTURE RESEARCH 

The findings suggest that spacecraft design changes are needed for the reusability of spacecraft in-

space and introduced Design for Spacecraft Reuse (DfSR) as a novel approach to address challenges 

and requirements based on the space environment within the design of spacecraft. Consequently, 
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future research analysing strategies to overcome barriers for circularity and approaches to extend the 

circular economy to space is needed. Knowing how other industries implement full or partial circular 

material flows and the circular economy principles can result in reduced time for knowledge transfer 

into the space industry. In addition, the impact of spacecraft reusability on the financial performance 

and environmental impact within a circular economy on Earth and in a circular space economy need to 

be investigated and verified. Finally, the Design for Spacecraft Reuse is a first step, but needs to be 

further developed and tested against other DfX concepts in the context of circular economy principles, 

in space and on Earth. 
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APPENDIX 

Interview 

 Question Aim of question 

1 Tell us about your company and your mission/vision. Background: 

company. 

2 Your product enables the space industry to ….  Background: product. 

3 What is your take on reuse or recycling of materials and components 

in space? What is the difference between reusing and recycling? 

Background: reuse of 

space hardware. 

4 What are benefits to reuse materials or components in space? Benefits. 

5 How difficult is it to reuse materials or components in space? Challenges. 

6 Would it be easy to sort materials and components in space? Challenges. 

7 What do you think are the best options for materials and components 

to be reused in space? 

Drivers: materials and 

component 

prioritization. 

8 Are there any materials and components that cannot be reused in 

space? 

Barriers: materials and 

components to be 

neglected. 

9 What challenges must be overcome to increase the reuse of materials 

and components in space? 

Barriers. 

10 What are the top three “missing” technologies or practices to be able 

to reuse materials or components in space? 

Drivers and barriers: 

missing technologies 

and practices. 

11 What is the aim of a spacecraft design? Background: design of 

spacecraft. 

12 How would reuse change the certification of materials or 

components? 

Background: 

certification. 

13 How would you design a spacecraft (satellite)? Individual opinion. 

Expert Information 

No Background Main Area Obstacle (to reuse) Benefit (of reuse) 

E1 senior level engineer, 

space agency 

Innovation, 

Space Missions 

"Parameters not known". Efficiency vs. 

melting. 

E2 senior level engineer, 

space agency 

In Situ Resource 

Utilization, 

Space Missions 

Design for one mission, 

infrastructure missing. 

Enable space 

exploration. 

E3 senior level engineer, 

research institute 

Space 

Sustainability 

Capture / repairability. Sustainability. 

E4 senior level engineer, 

private company 

Reuseable 

Electronics 

Standardization. Cost driver and 

less waste. 

E5 senior level engineer, 

private company 

CubeSats Modularization, cost. Cost driver 

(decrease). 

E6 University professor Sustainability, 

waste 

management 

Knowledge about 

materials and 

components. 

System reliability, 

production in 

space decreases 

cost. 
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