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EXECUTIVE SUMMARY 
 
Since the inception of the National Aeronautics and Space Administration (NASA) by the U.S. government on 

October 1, 1958, space exploration - and its directly- and indirectly related industries - have been solely considered 

to fall within the realm of public domain.  

 

With the successful launch (in 2003) and subsequent automated landing of the SpaceX Falcon I rocket in 2015, 

however, global interest has sparked on the potential impact that private investment can bring to space 

exploration. As such, in the years that have since followed, federal governments and their subsidiaries, technology 

innovators and developers, as well as private investors have begun to hold conversations on the best ways in 

which to collaborate insofar as unlocking additional fundraising opportunities and vehicles to increase investments 

into space-related markets and industries. 

 

One such avenue of private investiture into space exploration is that of investments made into space access 

infrastructure (e.g., launch sites, hereby referred to as “spaceports”) and space architecture (e.g., the International 

Space Station [ISS]).  

 

While these are but two examples, this report will showcase the increase in global demand for increased 

investiture into space exploration, infrastructure, architecture, and related industry markets, while likewise 

summarizing and highlighting the positive socio-economic impact that private investiture into these two 

aforementioned sectors can bring globally, primarily through investments in, and the subsequent generation of, 

projects like the following proposed by Foundation For The Future (F4F): 

 

1) Space Elevator: A cable approximately 60,000 miles (96,560 kilometers/km) in length from the Earth’s 

surface into Earth orbit to allow for decreased costs and increased ease of delivering human capital, 

technological materials, and material goods (e.g., food and water) between Earth and existing and future 

space architectures (e.g., ISS). 

 

2) Sub-Orbital Spaceport Network: Launch site infrastructure and spaceports located throughout the 

continental United States with a minimum capability of 50 suborbital passenger and/or cargo flights per 

day. 

 

3) Civil Reserve Space Fleet (CRSF): A cooperative and voluntary partnership program involving the U.S. 

Department of Defense (DOD), U.S. Air Force (USAF), and the U.S. commercial airline industry to augment 

DOD space-related capabilities during the event of a crisis related to the U.S.’s national defense. 
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KEY METRICS 
 

Due to the monetary value of investiture estimated to be necessary in order to see the three projects proposed by 

F4F through to completion, and due to the overall goal of this proposal and its subsequent sister proposals 

generated by F4F for dissemination to public officials and private investors, the measures of success for each 

proposed project must be well-defined and contain strict metrics that would each offer four primary benefits to 

global society.  

 

For the purposes of this document, F4F proposes the following metrics to be used as measures of success in 

meeting the goals of the projects proposed within this document within the next ten (10) years: 

 

ECONOMIC BENEFIT 

● The projects must be able to show a capacity to create a collective amount of no less than 400,000 jobs 

within the United States and its territories.  

 

● The projects must be able to show a capacity to create an economic return on investment (ROI) of no less 

than $1.50 for every $1 invested (i.e., 50% ROI). This return should be totaled cumulatively, per project, in 

relation to the final cost of each proposed project, as well as any annual cost, if applicable. 

 

SOCIAL BENEFIT 

● The jobs created by these projects must be sustainable, enduring and distributed across the country with 

no more than 5% of jobs created in any single state. 

 

● All projects must be able to show a tangible result to earth-based living. This may be in the form of green 

energy, workforce development or development of underserved communities. 

 

TECHNOLOGICAL BENEFIT 

● The projects must be able to show a capacity to advance and/or develop no less than eight (8) candidacy 

technologies and/or materials for use in the construction of the projects. 

 

● Of the candidacy technologies and/or materials advanced and/or developed for use in the construction of 

the projects, no less than 50% of the cumulative candidacy technologies and/or materials must show 

efficacy for use in advancing and/or developing existing technologies and/or materials in commercial use 

and/or consumption. 

 

ENVIRONMENTAL BENEFIT 

● The projects must be able to show a capacity to mitigate the amount of fuel utilized in traditional methods 

for space launches, including test launches, by no less than 50%. 

 

● The projects must be able to show a capacity to meet and sustain the requirements of - as well as any 

future amendments, clauses, or changes of any kind - national and international environmental standards 

including (but not limited to) the Paris Climate Agreement and the Stockholm Convention. 
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PROJECTIONS 
 
In regard to the above proposed metrics, through the combined scientific wherewithal of F4F’s leadership, 

including its Board of Directors and partners, both public and private, as well as the success generated to-date by 

F4F’s initiatives in regard to the projects proposed within this document, it is the firm belief that F4F can 

successfully meet the above proposed metrics. 

 

Taking the opinions and combined expertise of F4F’s stakeholders into full consideration, F4F has developed the 

following projections in regard to the above proposed metrics: 

 

ECONOMIC BENEFIT 

● The projects will be able to show a capacity to create a collective amount of no less than 448,000 jobs 

(+/- appx. 2,000) within the United States and its territories. 

 

● The projects will be able to show a capacity to create an economic return on investment (ROI) of no less 

than 58% cumulatively, per project, in relation to the final cost of each proposed project, as well as any 

annual cost, if applicable, per project. 

 

SOCIAL BENEFIT 

● The jobs created by these projects will be sustainable, enduring, and distributed across the country with no 

more than 5% of jobs created in any single state through the proposed action of certifying a 

suborbital/space-based workforce of SLs. 

 

● All projects will be able to show a tangible result to earth-based living in the form(s) of green energy, 

workforce development, and/or development of underserved communities. 

 

TECHNOLOGICAL BENEFIT 

● The projects will be able to show a capacity to advance and/or develop no less than ten (10) candidacy 

technologies and/or materials for use in the construction of the projects. 

 

● Of the candidacy technologies and/or materials advanced and/or developed for use in the construction of 

the projects, no less than 70% of the cumulative candidacy technologies and/or materials will show 

efficacy for use in advancing and/or developing existing technologies and/or materials in commercial use 

and/or consumption. 

 

ENVIRONMENTAL BENEFIT 

● The projects will be able to show a capacity to mitigate the amount of fuel utilized in traditional methods 

for space launches, including test launches, by no less than 75%. 

 

● The projects will be able to show a capacity to meet and sustain the requirements of - as well as any future 

amendments, clauses, or changes of any kind - national and international environmental standards 

including (but not limited to) the Paris Climate Agreement and the Stockholm Convention. 
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THE FUTURE OF SPACE EXPLORATION: 

IT’S OUR ECONOMY 
 

Space, once again, is the future. But instead of merely an exploratory future - it is the next terrain for humans to 

live, work and thrive in.  

 

In the last 50 years, since man first landed on the moon, the focus of space exploration has shifted primarily to 

manned low-Earth orbit missions and unmanned scientific exploration. Also, during this time, space exploration has 

remained largely the domain of national governments. 

 

Now a host of private companies are not only serving as contractors to government space agencies, like NASA or 

the European Space Agency (ESA), but they are also launching their own rockets. Notable examples are Elon 

Musk’s SpaceX, which has already launched a crew that has docked with the International Space Station, and 

Richard Branson’s Virgin Galactic, which will launch space tourists into sub-orbital space. These are just the 

highest-profile examples. 

 

This shift from public to private space exploration has led some analysts to predict that by 2040 the global space 

industry could generate revenue of more than $1 trillion from the current market of $350 million, a compound 

annual growth rate of over 120% per year 2 over the next decade.  

 

This enormous growth will only partly be fueled by what we consider traditional space exploration. A majority of 

the evolving commercial space market will be driven by the development and deployment of satellites. For 

example, satellite-delivered Internet broadband services will drive from 50%-70% of this revenue growth. This 

increasing dependence on Internet broadband is the result of an explosion in bandwidth demand that will come 

from autonomous cars, the Internet of Things (IoT), artificial intelligence, virtual reality, and video. 

 

To meet this steady and growing demand, the costs of launching satellites will need to continue on their 

downward trajectory. During the era of NASA’s Space Shuttle program, it could cost in the neighborhood of $200 

million to launch a single satellite. Now, those costs have been reduced to around $60 million, but to meet the level 

of demand experts are envisioning, those costs will need to get down to less than $5 million per satellite launch.  

 

In the following image (Figure 1), we can notice how the trend of decreased costs of launches can have a 

“rollover”-style effect from the launches of traditional space shuttles, rockets, and satellites into projected future 

launches of mechanisms and technologies into space. 
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Cost of space access over time (Fig.1) 

 
The remainder of this growth is projected to come as a result of generating a base of both commercial workers 

and customers that will be trained to live and work in space, henceforth referred to as “Space Laborers” (SLs). 

Within the next decade, humanity’s growing industry in space will require a dedicated workforce of tradespeople, 

engineers, and innovators to be properly trained in order to refine their skill sets for the extended experience of life 

in zero-G environments. Rather than being trained for years or decades as dedicated astronauts, the goal is to 

instead have this workforce become certified as SLs due to the ease of teaching a master craftsperson how to 

properly and safely work in zero-G environments compared to the resources necessary to ‘create’ a master 

tradesperson. 

 

Because the entirety of current off-world human existence is maintained by a minute group of specialized 

astronauts in comparison to humanity’s total population on Earth, SLs must possess a multifaceted toolkit to 

accomplish the goals of their missions from Earth to space, allowing them to switch jobs from tasks such as solar 

panel repair to cooking; from scientific experiments to piloting, and so on. As humanity continues to work towards 

expanding and evolving our off-world footprint, those cosmic pioneers will once again have the luxury of 

specializing in discrete tasks as we continue to strive towards a balance of admired luxuries and necessary 
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requirements in space transportation, exploration, and laying the foundation for a human ecosystem beyond the 

orbit of our home planet. 

 

In short, by the 2030s, the continued evolution of humankind’s presence and industry in space will require not only 

a handful of elite military scientists, but also private investors, federal agencies, as well as hundreds of thousands of 

well-trained and masterfully skilled engineers, pilots, operations specialists, and various other tradespeople. Much 

like how the internet has enabled people to build a wide range of jobs and careers centered around their passions 

and interests via digital transformation (e.g., a writer who becomes an online blogger), space will enable 

tradespeople, artisans, laborers, and more to become certified SLs to help bridge the remaining gap between 

current projections of space industry growth and the citizens who will make said growth projections not only 

possible, but a finite reality. 
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INCREASED DEMAND FOR ADVANCEMENT OF THE 
SPACE INDUSTRY 

 
On August 31st, 1962, The Communications Satellite Act was signed into Public Law by the late President John F. 

Kennedy, creating a federally-chartered corporation (COMSAT) to develop by the U.S. a telecommunications 

geosynchronous satellite system with the private and public sectors. COMSAT became the leading operator of 

telecommunications satellites and worked with the federal government, and eventually other nations in achieving 

this important technological goal. 

 

The SPACE Act of 2021 seeks to create a corporate structure that will consider and finance space projects 

designed to offer: 

 

● Loan guarantees through commercial lending institutions to support new technologies that will enable 

more frequent and cost-effective space launches; 

● Investment fund to provide support to new space companies; 

● Grants to small businesses and other starting entrepreneurs in the space sector, and; 

● Support for ‘public benefit’ space infrastructure projects through bonds and other financing opportunities 

 

The SPACE Act seeks to create financing and other support for “gateways” to space, spaceports, and other space 

transports of the future, much in the same way our historic linkages to transporting goods and people via barges 

on canals, trains along railways, planes and air travel, or trucks along interstate highway systems. A Federally 

Chartered Corporation, based on past precedents and working with the federal U.S. government, Congress and its 

subsidiaries, and the private sector can achieve this goal beginning with projects that mitigate the costs of 

transportation to and from space, while increasing the frequency, reliability, and sustainability of access to space. 

Ultimately the challenge is creating a reliable, sustainable cost-effective enterprise system to bring people, goods 

and material to AND from space while integrating both directions of traffic into the current U.S. intermodal 

transportation network. 

 

Three initial projects which can help achieve this goal include: 

 
1. Space Elevator: A cable approximately 60,000 miles (96,560 kilometers/km) in length from the Earth’s 

surface into Earth orbit to allow for decreased costs and increased ease of delivering human capital, 

technological materials, and material goods (e.g., food and water) between Earth and existing and future 

space architectures (e.g., ISS). This project was first publicly mentioned by Sir Arthur C. Clark in 1979. 

 

2. Sub-Orbital Spaceport Network: A utilization of launch site infrastructure and spaceports, including 

existing infrastructure integrated into existing transportation networks that have been labeled as either 

redundant or sustainable, that are located throughout the continental United States with a minimum 

capability of 50 suborbital passenger and/or cargo flights per day. 
 

3. Civil Reserve Space Fleet (CRSF): A cooperative and voluntary partnership program involving the U.S. 

Department of Defense (DOD), U.S. Fashion Industry Association (USFIA), and the U.S. Civil Space Carrier 

industry to augment DOD space-related capabilities during the event of a crisis related to the U.S.’s 

national defense. 
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Other projects that would fall into this list of proposed projects in the future may also include, but are not limited 

to, any/all of the following: 

 

● autonomous logistics and transportation architectures 

● beyond-orbit positioning and timing (XNAV) systems and technologies 

● orbital transfer systems and technologies 

● reliable space-to-ground transportation systems 

● novel space transport technologies and capacities 
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SPACE ELEVATOR 
 

For purposes of this document, the term “space elevator” will refer to a tether, cable, or cable-like structure 

approximately 60,000+/- miles in length that is constructed in such a way to be able to stretch from a designated 

location upon the Earth’s surface and into Earth’s orbital sphere. 

 

ADVANTAGES 

The concept of a constructed space 

elevator brings with it immediate 

advantages and alternatives when 

compared to traditional routes or 

avenues used to access space. The first 

apparent advantage of this concept is 

the potential for solar energy to power 

the elevator’s movement to and from 

the Earth’s surface, as this eliminates the 

need for cost-prohibitive and 

unsustainable fuel, as has been 

traditionally used in space launches and 

exploration missions. 

 

CHALLENGES 

Initial studies of this concept, conducted 

by NASA during the 1990s, indicate the 

largest and most significant hurdle in 

the construction of a space elevator is in 

designating a material or series of 

materials that could theoretically be 

used in the construction of the 

elevator’s tether. Since that time, at least 

ten (10) candidate materials have 

emerged, and most - such as single-

crystal graphene or carbon nanotubes - 

have wide applications in industry, defense, and communication beyond a space elevator. 

 

An in-depth analysis of these candidate materials and their potential applications in regards to this document can 

be found within Appendix A at the end of this document. 
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SUB-ORBITAL SPACEPORT NETWORK 
 

For purposes of this document, the terms “sub-orbital spaceport network” and/or “SOSN” will refer to a network of 

newly constructed or newly renovated space terminals (i.e., “spaceports”), akin to early airports, that will be built 

for the exclusive purpose of rapid suborbital transit to and from Earth’s surface. It is crucial to note that the term 

SOSN does not refer to “traditional” space launch infrastructure, such as that found at NASA-Kennedy Space 

Center in Cape Canaveral, Florida. 

 
 
ADVANTAGES 
 
The primary advantage of constructing a SOSN is in its ability to create, foster, and grow a new ecosystem of sub-

orbital space launch infrastructure, which will include: 

 

● Nine (9) existing FAA-licensed spaceports; 

● Six (6) existing federal spaceports, and; 

● Three (3) newly constructed proposed spaceports 

 

                       
Figure 2: Map of FAA-licensed Spaceport Locations in the U.S. (source: FAA.gov) 

 
This ecosystem would possess the capacity for each of the fifty (50) states, as designated by the federal U.S. 

government, to have access to the rapid launch capacity and capabilities this ecosystem would provide, with the 

end goal of each individual state to have access to the resources necessary for them to create their own individual 

rapid launch capacity.  

 

For example, if the collective ecosystem possesses a minimum capacity of no less than fifty (50) sub-orbital 

passenger and/or cargo flights per day, it can be assumed that each state would average approximately one (1) 

sub-orbital launch or flight per day.  

 

This goal can be achieved through utilizing existing and newly-proposed/constructed spaceport locations 

throughout the U.S. in order to broaden accessibility to all American citizens, particularly those who wish to 

become and/or will be trained as certified SLs . 
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CHALLENGES 
 
The primary challenge of constructing a SOSN lies in the ability of the federal government of the United States and 

its partners within NASA and the FAA to advance and/or update and/or renovate existing spaceport infrastructure 

in order to create and foster a contemporary spaceport ecosystem. 

 

To help the federal government of the United States, NASA, the FAA, and other stakeholders in this endeavor, F4F 

proposes two (2) efforts to overcome the challenges associated with this project: 

 

1. Each individual port within the SOSN, as well as the SOSN headquarters (HQ) itself, will be required to 

develop 5, 10, and 20-year development plans as chronologically necessary to be approved by the 

appropriate authoritative agency/agencies. 

2. The SPACE Corp will partner with states and private capital to create financing packages for up to 20 

additional spaceports to be constructed between the years 2022-2026 to enable rapid cross-country 

transit for suborbital commercial traffic and goods.  
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CIVIL RESERVE SPACE FLEET 
 

For the purposes of this document, the term “civil reserved space fleet” and/or “CRSF” will refer to a cooperative 

and voluntary program involving the U.S. Department of Defense (DOD), U.S. Fashion Industry Association 

(USFIA), and the U.S. Civil Space Carrier industry to augment DOD space-related capabilities during the event of a 

crisis related to the U.S.’s national defense. 

 
 
ADVANTAGES 
 
Under legislation for the CRSF, space carriers will be allowed to volunteer their aircrafts and/or fleet of aircrafts to 

the CRSF via contractual agreements. In return for this legislative clause, space carriers which participate in this 

voluntary program will be given preferential selection insofar as contractual opportunities to carry peacetime 

cargo and passenger traffic for the DOD. 

 

A secondary advantage of the proposed CRSF is the ability for the CRSF to model its vehicles, as well as the 

authoritative tier of its vehicles, after existing vehicular aircraft such as those of the Civil Reserve Air Fleet (CRAF), 

including the following vehicle tiers: 

 

● Passenger Craft 

 

● Medium Lift Craft 

 

● Heavy Lift Craft 

 

Regardless of which individual carrier becomes contractually obliged to a partnership with the CRSF, as well as 

which proposed tier the carrier’s vehicles fall into, each separate vehicle from each carrier must be able to meet 

the following requirements: 

 

● Maintain a minimum 25% of its capable passenger and cargo fleet for CRSF activities 

 

● Vehicles contractually committed to the CRSF must be registered within the U.S. 

 

● Maintain no less than two (2) complete crews per vehicle 

 
 
CHALLENGES 
 
F4F has identified two (2) primary challenges in meeting the goals of the proposed CRSF project, including: 

 

1. Fuel requirements per vehicle, per vehicle tier, and the environmental impact of utilizing carbon-based fuel 

for use by the CRSF. 

 

2. The potential that development of the CRSF could be viewed by countries and political powers outside of 

the U.S. as an international danger or threat. 

 

To assist and aid in overcome these challenges, F4F proposes the following solutions: 
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1. Utilize solar power for use by CRSF vehicles and all, if any, of their necessary components, wherever 

applicable, to reduce the total amount and cost of carbon-based fuel or petroleum-based fuel and mitigate 

- if not eliminate - the environmental impact of the proposed CRSF project. 

 

2. Utilize the federal government of the United States, its international partnerships and their associated 

stakeholders, and its position as a world leader in space exploration, aviation, and peace-making to draft 

and propose international legislation that would generate voluntary and willing approval from any number 

of world countries and/or political powers in internationally recognizing the CRSF as an extension of both 

the United States Space Force (USSF). 

 

3. Develop launch as a subscription service for in-extremis DoD requirements. 
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EXECUTIVE SUMMARY 

The exploitation of aerospace and space based applications, devices and systems is the next great arena of 

competitive challenge for the United States, and there have never been more state and private actors that are 

both potential partners and adversaries. 

 

The near-term demand for reliable and economically viable launch vehicles has given rise to an entire private 

sector space development industry. The long term horizon will see ever increasing competition for domination 

of technologies as well as territorial claims. 

 

As much as high powered computing was an enabling technology at the birth of the space age, a new class of 

advanced materials will be the key to lighter, faster, more resilient, more capable and economic satellites, 

defenses, manned vehicles and space based habitats. 

 

One such advanced material that shows tremendous promise is graphene, a singular atomic layer of Sp2 bonded 

carbon atoms that is the most electrically and thermally conductive, the thinnest, lightest and strongest material 

that man has ever discovered. It is transparent while also able to block destructive UV rays and protect against 

Electro-Magnetic Interference (EMI shielding). Graphene was only Hirst discovered in 2004 (which led to the 

Nobel Prize in Physics in 2010), making it one of the youngest materials available. 

 

While this briefing paper will focus on graphene, it is just the first in a series of novel 2 dimensional nanomaterials 

that will enable the next generation of devices and solutions. And the good news is that graphene is already 

being applied on an industrial scale in applications here on Earth. 

 

KEY METRICS 

● Graphene has extraordinary properties, making it attractive for a wide range of applications—

Graphene’s strength, flexibility, thermal and electrical conductivity, and its transparency give it 

characteristics far superior to many other materials that it is competing with in a wide range of 

applications. This is particularly true in aerospace applications. 

 

● The supply chain for graphene is able to produce industrial volumes. The adoption of graphene by 

major automakers and aerospace companies in the last couple of years has shown that Tier 1 

manufacturers trust that they can get consistent quality and supply of the graphene they need for 

their manufacturing processes. 

 

● The production methods for high-quality device-grade graphene have been refined   and   scaled   

up. The production of Chemical Vapor Deposition (CVD) graphene—the key method for producing 

device-grade graphene at scale—has been optimized to the point where it no longer requires a metal 

source to grow the graphene. CVD graphene can be grown directly on the target substrate, 

eliminating the need to peel it off a metal substrate to re-applied to the target substrate. It is also 

produced as a continuous roll-to-roll process providing abundant quantities. 
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● Graphene is on an accelerated developmental trajectory compared to carbon Niber in the 

aerospace industry. Carbon fiber was first introduced to the aerospace industry in the late 1960s, 

taking decades for the industry to fully adopt the material as it replaced heavier, and weaker 

aluminum. Today, parts made from carbon fiber reinforced polymers are widely used in aerospace 

components, including fuselages, leading edge and wing surfaces, to provide lightweight, high 

strength and corrosion resistance. Graphene has been proven to make Carbon Fiber Reinforced 

Plastics (CFRPs) even lighter and stronger with greater impact resistance. 

 

● Graphene is poised to enable the expansion of functionality of critical aerospace parts. Aerospace 

designers and engineers are increasingly looking for various parts to perform different purposes. For 

instance, the material covering of a wing would ideally provide high strength and durability but be 

incredibly light. You would also want it to be able to have electricity flow through it to deice the 

wings. Or with that same electricity you could power the sensors embedded in it to detect stresses 

put on it. Graphene has the highest strength-to-weight ratio of any material in the world. It is also an 

excellent conductor of electricity—better than copper—so electricity could also flow through it to 

deice a wing or run electronics through it. 

 

● Graphene will make the hydrogen economy possible. Hydrogen is a fuel of the future for both 

aerospace and space based applications. Airbus’ Zero Emissions project for aircraft is dependent on 

hydrogen fuels and electrically driven motors. Graphene is a key component to making the high 

pressure vessels needed to safely store and transport hydrogen fuels. 

 

● Large-scale Public Investment in Graphene Does Have an Impact—For the past seven years, the 

European Union (EU) has been funding a 10-year project with €1 billion (approx. $1.2 billion). The 

project called The Graphene Flagship has employed over 1,200 people in 21 countries just in the 

research phase and has led to the spinout of 12 companies, according to its last yearly report.1 

 

● An extrapolation of industry indicators suggests that a $10-billion government investment into 

graphene would translate into 6,000 new companies and 660,000 new high skilled, long term 

jobs. Producing, designing, engineering and applying advanced materials will require a highly skilled 

workforce that understands how to work with these novel materials. Although the United States does 

have the outlines of a strategy for space, there is no strategy for advanced materials, the technology 

that will enable the winners of the contest for space. 

 

It will be a new generation of advanced nanomaterials, like graphene, that will deliver a competitive 

advantage to the countries and economies that learn how to exploit and deploy these game changing 

materials. 
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THE FUTURE OF SPACE DEVELOPMENT 

Space, once again, is the future. 

 

In the last 50 years, since man first landed on the moon, the focus of space exploration has shifted primarily 

to manned low-Earth orbit missions and unmanned scientific exploration. Also, during this time, space 

exploration has remained largely the domain of national governments. 

 

Now a host of private companies are not only serving as contractors to government space agencies, like 

NASA or the European Space Agency (ESA), but they are also launching their own rockets. Notable examples 

are Elon Musk’s SpaceX, which has already launched a crew that has docked with the International Space 

Station, and Richard Branson’s Virgin Galactic, which will launch space tourists into sub-orbital space. These 

are just the highest profile examples. 

 

This shift from public to private space exploration has led some analysts to predict that by 2040 the global 

space industry could generate revenue of more than $1 trillion from its current market of $350 million2, a 

compound annual growth rate of over 120% per year over the next decade. 

 

This enormous growth will only partly be fueled by what we consider traditional space exploration. A majority 

of the evolving commercial space market will be driven by the development and deployment of satellites. For 

example, satellite delivered Internet broadband services will drive from 50 to 70 percent of this revenue 

growth. This increasing dependence on Internet broadband is the result of an explosion in bandwidth demand 

that will come from autonomous cars, the Internet of Things (IoT), artificial intelligence, virtual reality, and 

video. 

 

To meet this steady and growing demand, the costs of launching satellites will need to continue on their 

downward trajectory. During the era of NASA’s Space Shuttle program, it could cost in the neighborhood of 

$200 million to launch a single satellite. Now those costs have been reduced to around $60 million. But to 

meet the level of demand experts are envisioning, those costs will need to get down to around $5 million per 

satellite launch. 
 

HOW TO MEET THE DEMANDS OF THE SPACE INDUSTRY 

How do we get to that level of cost savings and still produce reliable technologies that can withstand the 

rigors of launching a satellite into space and ensuring it can survive in that environment? 

 

It’s clear that the space industry will need to call upon a host of technologies from other industries to support 

this effort. Industries such as electronics, sensors and advanced materials are some of the key areas that will 

be key to developing new technologies to enable the growth of the space industry. There is one advanced 

material in particular that has a role to play in many of these underlying technologies: Graphene. 
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WHAT IS GRAPHENE? 

Graphene is a single atomic layer of carbon. Graphene is what’s known as an allotrope of carbon—allotropes 

are all the different physical forms that an element can take. Other allotropes of carbon include graphite, 

charcoal, and diamond. Graphene is the two- dimensional form of carbon in which the atomic structure is that 

of a hexagonal lattice. While graphene is an allotrope of carbon, it has very different properties and physical 

characteristics from other forms of carbon. 

 

Þ COMMERCIAL DEFINITIONS 

 

Graphene, from a commercial perspective, is not one material, but instead is a family of materials based 

on the original scientific definition of a single atomic layer of carbon sharing sp2 electron bonds. The large 

number of definitions for commercial graphene materials is the result of the different processes by which 

graphene is produced. 

 

This extremely diverse universe of graphene materials is one of the reasons that graphene can be applied 

to more than 45 different distinct and important applications and industries. Each form of graphene has 

slightly different performance characteristics making some forms better suited for certain applications. 

Þ TABLE 1: GRAPHENE PRODUCT DEFINITIONS BASED ON LAYERS 

 
 

NUMBER 
OF 

SHEETS 

PRODUCT DESCRIPTION 

1 
Graphene (monolayer) 

1-3 Very few layer graphene 
(vFLG) 

2-5 Few layer graphene 

2-10 Multilayer graphene (MLG) 

More than 
10 

Exfoliated graphite or “Graphene Nanoplatelets 
(GNP) 

 
Source: The Graphene Council, The Graphene Report 2020 
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Generally, the greater the number of carbon layers in the graphene material the less exceptional its properties 

become. However, multilayered graphene stacks below a certain thickness still retain enough useful and analogous 

properties of monolayer graphene for them to be referred to as graphene products. A more accurate picture is to 

consider a continuum of graphene materials, as seen in the diagram below. 

 
Þ FIGURE 1: THE SPECTRUM OF GRAPHENE MATERIALS 

     
Source: The Graphene Council, The Graphene Report 2020 

 

PHYSICAL PROPERTIES 

Graphene has attracted the attention of tens of thousands of materials scientists and entrepreneurs world-wide 

because of its exceptional properties; 

● Graphene has the highest electron mobility of any material—this property is basically the speed at which 

electrons can pass through it. Graphene’s electron mobility is calculated to be 100 times faster than silicon, 

making the material tantalizing for those developing electronic devices. 

 

● Graphene possesses the highest thermal conductivity of any material—Graphene’s thermal conductivity 

is 10 times higher than copper. This property is also attractive for electronics, because it offers an 

important tool for thermal management in electronic components. 

 

● Graphene is transparent—This transparency is attractive for electronic applications. When this 

transparency is combined with its conductivity, it makes graphene extremely attractive for electronic 

applications in displays, or solar cells, for instance. 

 

● Graphene is the strongest real-world material ever tested—Graphene’s tensile strength has been 

measured at 130 GigaPascals, making it 200 times stronger than steel.3 While some materials theorized in 

computer models might have simulated strength greater than graphene, it remains the strongest ever 

tested. 
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● Graphene is a flexible crystal—Typically, increased strength of a material includes increased 

brittleness. Graphene not only has increased strength but it is also flexible with up to a 20% bend 

radius and elongation, something not available in ceramics or other high strength materials. 

 

● Graphene is an excellent sensor—The very high electron mobility of graphene combined with the fact 

that it is basically all surface makes it an incredibly sensitive sensor material using minuscule amounts of 

energy. Graphene can also be “tuned” for a broad range of sensing applications including optical, chemical, 

electrical, pressure and other forms of sensing. 

Þ TABLE 2: GRAPHENE'S PROPERTIES AND ASSOCIATED APPLICATIONS 

 

  
Engineered 
Properties 

  
Applications 

High room temperature 
mobility 
(~200,000cm2V-1s-1) 
and high electrical 
conductivity (ballistic 
electron transfer; high 
mobility) 

● High-speed transistors 
● Spin devices 
● Single electron transistors 
● Semiconductor memory 
● QHRS (Quantum Hole Resistance 

Standard) 
● RF MEMS 
● Silicon replacement 

High strength (~1100 
GPa modulus, 
fracture strength 
~130 GPa) 

● Composite materials 
● Incredible rigidity lends 

themselves to nanoscale pressure 
sensors 

High curability for 
current density (Low 
density ~2 g/cm3) 

Wiring materials 

High surface/weight ratio 
(speciHic surface area) Energy storage (fuel cells) 

High light transparency Transparent electrodes and laser materials 

High sensitivity for 
chemicals (Physical 
properties can be 
‘chemically tuned’) 

● Chemical and biosensors 
● Hydrogen storage materials 
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High thermal conductivity 
(Thermal conductivity 
~3000 W/m-K in plane—
and highly anisotropic; ~ 2 
W/m-K out of plane) 

Heat / energy storage, thermal 
management 

High barrier material 
(impermeable if 
defect-free) 

Coatings 

Source: Graphene Frontiers, Ruoff 

GRAPHENE PRODUCTION 

Because graphene is produced from a wide variety of carbon sources, no single country has a monopoly or 

ability to control or limit the production of this critical material from a raw materials or supply side approach. 

Instead, the limiting factors for the graphene supply chain are concerned with intellectual property, process 

capabilities and downstream supply chain dynamics. 

Graphene can be produced from graphite, a natural (and synthetically produced) material. Graphene can also 

be produced from carbon bearing gases, coal, petroleum, biomass and recycled plastics, to name but a few. 

Therefore, graphene can play a role in the reduction of carbon in the atmosphere through capture and 

production into a usable, valuable material. 

These production methods can be roughly divided into two groups: “Top-down” production and “Bottom-up” 

production. 

Broadly speaking, top-down manufacturing consists of taking something large and chipping away at it until you 

have the final version of the material or device you want, like sculpting. For instance, lithography would be 

considered a top-down manufacturing technique since you are removing bits from a chip you don’t want. 

Conversely, bottom-up manufacturing means you are building your product up, atom by atom. 
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Þ FIGURE 2: TOP-DOWN/BOTTOM-UP MANUFACTURING TECHNIQUES 

 
Source: Kitty Cha, “Standardization of Supply”, paper presented at Manchester Graphene Conference, June 2014. 

 
The majority of graphene manufacturing techniques from a volume perspective involve a top-down 

manufacturing process using natural graphite as the feedstock material. In addition to mechanical exfoliation, 

other ways of producing graphene through a top-down approach include the chemical liquid-phase 

exfoliation of graphite. All of these top-down techniques   for   manufacturing   graphene   result   in   

micrometer size Hlakes (lateral dimensions) with from one to in excess of ten atomic layers of carbon. 

Chemical vapor deposition (CVD) is considered a bottom-up manufacturing technique because graphene is 

essentially grown as a crystal, assembling individual carbon atoms using the right combination of gases and 

temperatures. 

Within these divisions for types of graphene and the methods for producing them, there are multiple 

distinctions that can be made about the graphene within each group. But to give a kind of shorthand of the 

different kinds of graphene these three groupings help to better understand the supply landscape: 

● Graphene Oxide—Graphene Oxide (GO) Hlakes are basically graphene that has been functionalized 

with hydrogen and oxygen. GO and its derivative, reduced graphene oxide (rGO), are partly oxidized 

graphene sheets with a carbon-to-oxygen ratio of approximately 2 to 1 for GO and 5 to 100 for rGO. 

GO is relatively inexpensive and has been demonstrated used in a wide range of prototype 

applications, including in barrier coatings, as a Hiller in advanced  composites,  anti-corrosion  

coatings,  water filtration membranes and sensors. 
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● Graphene Nanoplatelets—graphene nanoplatelets (GNPs) are essentially nanoparticles made from 

graphite. Typically, these nanoparticles are small stacks of graphene that are 1 to 15 nanometers thick, with 

diameters ranging from sub- micrometer to 100 micrometers. The most common applications for GNPs are 

in composites, functional coatings, conductive inks, batteries and supercapacitors. 

 

● CVD Graphene Film—Graphene films  are  essentially  graphene  in  large  domain areas and in 

uniform layers. The production technique that has proven the most promising in creating these large 

area graphene films at a mass production scale is chemical vapor deposition (CVD). This is why we 

are using the nomenclature of CVD graphene film to cover this class of graphene material. 

 

In addition to the forms of graphene, the material can be further enhanced through a process called 

“functionalization”. This involves adding other elements or molecules to the edges or surfaces of the graphene 

to increase or enhance additional properties depending on how the material will be used. 

 

The important thing to note is that “graphene” from a commercial perspective includes an entire class  of  

carbon  based  materials  that  can  be  “tuned”  or  modified  specifically  for unique and demanding 

applications that cannot be solved by other materials. It is truly an enabling technology. 

BARRIERS IN THE MANUFACTURING AND ADOPTION OF GRAPHENE FOR 
INDUSTRY 

The main technical barriers to the wider adoption of graphene fall into the following main categories.  The 

Hirst Hive (in italics) have been successfully addressed.  The remaining Hive areas (in BOLD) are currently in 

various stages of being addressed and would benefit from a national United States Advanced Materials 

Strategy and coordinated approach: 

 

❖ The ability to produce graphene materials at lab scale (proof of concept production).  

❖ Scale production from grams to kilograms. 

❖ Batch to batch repeatability. 

❖ Scale from pilot plant to commercial scale and tonne capacity. 

❖ Identify markets and customers beyond universities and small R&D sales. 

❖ Identify the right price / volume mix for profitability. 

❖ Customer education (awareness, information, interest, evaluation, adoption). 

❖ Increased regulatory certainty (e.g. TOSCA, EPA) 

❖ Health and safety concerns (NIOSH). 

❖ Industry / Application adoption as a widely used material 

There are several hundred companies world-wide that claim to produce graphene, in addition to more than 

5,000 companies in China that are formally part of that nation’s national graphene strategic industrial sector. 

 

The vast majority of graphene production takes place outside of the United States with Canada, the European 

Union (and the United Kingdom in particular), Korea, Australia, Brazil and Singapore as leading production 

and development centers. 

 

China has long seen graphene as a national strategic material and has formally included graphene in the 
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national 5-year plan. The result is a very large and robust supply chain for the graphene sector from graphite 

mine to end applications. 

 

Since graphene was first discovered at the University of Manchester in the UK in 2004, no less than three (3) 

separate dedicated facilities of more than $100 million each have been established in the UK alone (The 

National Graphene Institute [NGI], The Henry Royce Advanced Materials Centre and the Graphene 

Engineering and Innovation Centre [GEIC]). 

In addition, the European Union funded its largest research project ever with a significant 

€1 billion (approx. $1.2 billion) investment in The Graphene Flagship. To date this initiative has employed over 

1,200 people in 21 countries in the initial research phase and the EU is already looking ahead to 

commercialization of graphene through an extension of The Graphene Flagship. 

 

At present, it is easier for a large United States company to import graphene materials than it is for a 

domestic producer to get federal approvals to make and sell more than 1 metric ton of graphene. This puts 

the United States and its graphene companies at a disadvantage. 

Equally important to the need to be able to produce graphene at commercial scale is the need for end-users to 

understand how to handle and apply this material. This requires special skills and techniques that in many cases are 

being developed outside of the United States. 

 

As such, there are technical challenges not yet fully addressed in the value chain to enable the uptake of graphene 

by industry to be more widespread. For example, the use of graphene as a performance additive in the polymer 

composite market has a clear cost benefit in terms of greater functionality, however, there remain several key 

technical obstacles to overcome. 

Not least of these obstacles is the requirement to achieve a cost effective, stable, homogeneous dispersion of 

these materials into relevant carriers (solvents, resins, waxes, oils) or the bulk end product without agglomeration. 

In order to achieve this, a number of essential factors need to come together. 

Distributive mixing machines designed specifically for industrial nanomaterial dispersion in a bulk material need to 

be deployed, and often the nanomaterials need to be chemically modified or “functionalized” by attaching end 

groups (such as OH, COOH molecules) to prevent agglomeration after mixing and ensure proper interfacial 

adhesion between nanomaterial and polymer matrix. 

The fact remains, few companies in the United States have the ability to bring all these elements together 

effectively, in what can be considered steps in a refining process that are necessary before graphene is readily 

usable. One can conclude given this inhibiting factor, that only when this refining capacity is addressed can 

nanocomposites, coatings or lubricants fabricated using graphene be produced in large-scale batch manufacture 

at the speed, cost and volume that industry demands in order to effectively compete against their more traditional 

counterparts. 
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Þ FIGURE 3: ROUTES FOR DOWNSTREAM PROCESSING AND REFINING OF GRAPHENE 

 

 
Source: The Graphene Council, The Graphene Report 2020 

  



 

29 
 

WHAT IS THE IMPACT OF GOVERNMENT SUPPORT FOR 
ADVANCED MATERIALS? 

Governments, friendly and adversarial, have clearly identified advanced materials (specifically   graphene   and   

other   2D   materials) as   national   strategic   priorities.   From Australia to Brazil, from Russia to China, there 

is significant coordination between public and private sector actors to create and develop what is essentially 

an entirely new industrial sector. 

The most notable example is the European Union’s (EU) attempt to make Europe the Silicon Valley of 

graphene with the launch of The Graphene Flagship. This is a €1 billion (approximately $1.2 Billion) investment 

annually over a ten-year period to drive the commercialization of this material. And that is in addition to a 

more than $300 million investment by the UK government at the University of Manchester. 

In the seven years since The Graphene Flagship launched, it has reportedly spawned nine companies and 46 

new graphene-based products which is really just the tip of the iceberg since the majority of investment has 

been plowed into university research projects that have not yet been spun-out. 

 
Photo: ICFO - This graphene-based fitness patch developed by the Institute of Photonic Sciences (ICFO) in Spain can 

measure heart rate, breathing rate, and body temperature. 
 
To promote further commercialization of the technologies developed under the auspices of The Graphene 

Flagship, the Flagship is in the midst of a new phase in its funding, entitled Core 3. In this phase, The 

Graphene Flagship has allocated €45 million for projects aimed at Technology Readiness Levels (TRLs) 6 to 7, 

which means they should result in prototypes that function in realistic environments. 

 

While that may seem a step in the right direction, in the commercialization of a technology that is dependent 

on brick-and-mortar manufacturing facilities (this isn’t as easy as a new app on your phone) €45 million isn’t 

much, especially when it’s supposed to support a number of different technologies. Typically, according to 

companies in the commercialization of graphene, it can take tens of millions of dollars (or Euros) to get a 

single hard-tech idea to market. 
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But let’s factor into that €45 million that private investment will not only meet that level but  be  inspired  by  

it  to  invest  Hive  times  that  amount,  bringing  the  total  investment  to around a quarter-of-a-billion Euros. 

With the cost of bringing a TRL 3 technology (a lab prototype) to a commercial product enabled by graphene 

requiring around a €10 million investment, you could see around 20 to 30 new companies. 

 

So, if we calculated a $10-billion government investment in a wide range of TRL 3 technologies, as well as a 

scattering TRL 6 or 7 technologies, you could expect another $50- billion investment from industry. This 

would be a total of $60 billion in TRL 3 and TRL 6-7 technologies. With a $10-million investment needed to 

launch a company, we could reasonably expect that this investment would lead to 6,000 new companies. 

 

The average number of employees working at these companies can vary enormously, from a few to 

potentially hundreds. 

 

But we already have some rough estimates that the number of people employed in carbon fiber and 

graphene manufacturing in the US rose from 4,320 in 2010 to 6,649 in 2020. The number of companies in 

graphene and carbon fiber production during that same period of 2010 to 2020 has risen on from 41 to 62.5 

When we divide 6,649 employees across 62 companies, we get on average approximately 110 people 

employed at each company. 

 

When we plug in 6,000 new companies, each employing 110 people, you get 660,000 new jobs based on an 

initial investment of $10 billion. These jobs can employ a wide range of skill levels from advanced degree 

engineers to basic skill production floor workers. 

 
Þ TABLE 3: NUMBER OF JOBS CREATED WITH GOVERNMENT INVESTMENT 

 
Government 
Investment 

Matching 
Industry 

Investment 

Total 
Investment 

Cost of 
Commercialization 

(per company) 

Number of 
Companies 

Created 

Average 
Number of 
Employees 

(per 
company 

Total 
Workforce 

Impact 

$10 billion $50 billion $60 billion $10 million 6000 
 
110 660,000 

Source: The Graphene Council 

What is equally important is the very wide range of industries, from electronics to composites, from defense 
to energy storage, that will be made more competitive from the use of advanced materials (which are being 

used by strategic competitors around the world), thus preserving existing jobs as well. 

AEROSPACE AND RELATED APPLICATIONS 

Aerospace engineers are looking at graphene and other advanced materials as key enabling technologies for 

the next generation of aircraft and space vehicles. The ability to produce structures and devices that are 

lighter, stronger, more resilient, use less energy and that have new capabilities can only happen if we have a 

new class of materials with which to build these next generation objects. 
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In addition, the trend in aerospace engineering is to increase the functionality of parts so that they solve 

several problems at the same time. Engineers have achieved this progress, for example, by either modifying 

the polymer matrix or adding a multifunctional coating that incorporates graphene. 

Þ FIGURE 4: HOW GRAPHENE CAN BE USED IN AIRPLANES 

 
Source: University of Manchester 

 
Graphene is not just a theoretical material of the future but is already offering significant benefits 

commercially in areas that are key or that can be modified for the aerospace sector. As can be seen from the 

diagram above, there are multiple systems, parts and applications that can and will benefit from graphene. 

 
COMPOSITES 
 
Aernnova, Grupo Antolin-Ingenieria and Airbus produced a leading edge for an Airbus A350 horizontal tail 

plane using graphene-based CFRP composite. The graphene enhanced resin system showed increased 

mechanical and thermal properties, including all important enhanced fracture performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

32 
 

Þ FIGURE 5: AIRBUS TAIL PLANE USING GRAPHENE-BASED CFRP COMPOSITE 

 

 
Source: The Graphene Flagship 

 

THERMAL MANAGEMENT ASSISTANCE 

•   Heat Spreading Materials—Application of graphene materials (coating, lining, Hiller) as an 

effective and rapid heat spreader, reducing hot spots and peak temperatures 

•   Composites with Improved Thermal Stability—Development of new materials capable of withstanding 

high temps, allowing placement in new areas to improve performance or to use a lower cost material for a 

more demanding application. 

•   Coolants & Lubricants—Graphene enhanced coolants have shown improvements in thermal transfer 

and stability over time, reducing wear and extending the useful life of critical parts. 

•   Configuration and  Compactness—Allowing  repackaging  of  components  due  to improved 

thermal stability and management allows for more compact configurations, creating more usable 

space. 

ENGINE OPERABILITY ASSISTANCE 

•   Sensors—Application of printed or CVD graphene as highly sensitive sensors for strain, 

temperature, humidity and pervasive monitoring. This can help with stress and fatigue monitoring for 

better maintenance and failure prevention. UK-based Paragraph has commercialized the Hirst 

graphene-based Hall effect sensor capable of taking measurements under operational extremes, such 

as in CERN’s accelerator facilities. Graphene’s exceptional multi-functionality extends to corrosion 

resistance, so EMI shielding applications that are prone to corrosion, and so are unable to use 

conventional metallizing coating techniques, are good areas to exploit with graphene. Although 

graphene itself is resistant to corrosion, it is also able to allow the substrate to resist corrosion due to 

graphene’s high aspect ratio preventing propagation of water and oxygen through the coating. 



 

33 
 

•   Anti-Corrosion Coatings—Graphene as a barrier coating to reduce corrosion and as a protective 

coating for better impact resistance, reducing damage and downtime. 

REDUCING MASS, INCREASING STRENGTH AND BETTER PERFORMANCE 

•   Lightweighting—graphene composite materials have been demonstrated to achieve between 20-30% 

reduced weight while meeting performance requirements. This directly translates into fuel savings, 

increased dwell time for drones, or greater cargo loads for space vehicles making them more economical. 

•   Range of Target Materials—Graphene can be added to a very broad range of host materials that 

includes thermoplastics, thermosets, elastomers, ceramics, and even metals to improve mechanical 

properties that in turn allows less material to be used. 

•   Reinforce Critical Parts—Areas that are sensitive to impact damage, such as aircraft wing leading 

edges or nose cones, can be reinforced with no measurable additional weight. 

•   Reduced Noise and Vibration—Graphene-based polyurethane has demonstrated 20% improvements in 

acoustic dampening with expectations that this could easily be improved upon. Vibration is a major cause 

of degradation or failure. 

•   Improved Rigidity—Graphene composites improve stiffness and rigidity (strength) which in turns 

allows for miniaturization, a factor that will be increasingly important as satellites are made smaller. 

•   Gaskets & Seals—Graphene elastomers (rubber) have demonstrated higher chemical stability, 

flexibility, and wear resistance. Also in hot/high UV environments where rubber components can 

crack, graphene could improve crack resistance. 

•   Composite Tooling—Graphene enhanced CFRP tooling can reduce processing time due to its thermal 

conductivity. This would lead to cost savings in time and weight of tooling. (Tooling refers to the moulds, 

mandrels and other parts that are used to create composite parts and are a major cost item in the 

industry). 

Not only has Carbon Fiber created an entirely new class of composites, but graphene is also making carbon 

fiber even stronger at all stages, including the production of carbon fiber (added to the PAN precursor), as 

sizing (coatings) on the carbon fibers and as an additive to the CFRP resin systems. 

  

SPACE SPECIFIC APPLICATIONS 

Many of the applications that we have highlighted for Aerospace are really applications for the Space industry 

as well. But what we want to highlight here are those applications that have specifically been developed for 

space. 

For instance, graphene’s thermal properties are promising for improving the performance of loop heat pipes 

and thermal management systems used in aerospace and satellite applications. Experiments at the European 

Space Agency (ESA) have shown that graphene improves heat transfer in loop heat pipes in a low-gravity 

environment.6 
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The main component of the loop heat pipe is a metallic wick, typically made of a porous metal.  The wick 

transfers heat from hot objects into a coolant fluid.  Cooling systems are used extensively in satellites and 

aerospace instruments. The wicks were coated with two different types of graphene-related materials to 

improve the efficiency of the heat pipe. 

The ESA tested coated wicks for the loop heat pipes in two low-gravity parabolic flights. The results of the 

parabolic flight revealed that graphene improved the wick, which means that future applications using 

graphene could result in improved reliability and energy management. 

Graphene could also be used in space propulsion due to its lightweight and strong interaction with light. A 

Netherlands-based research team, named GrapheneX, designed and built an experiment to test graphene for 

use in solar sails using free-floating graphene membranes. The idea was to test how the graphene membranes 

would behave under radiation pressure from lasers. 

Solar sails are a form of spacecraft propulsion using radiation pressure exerted by sunlight on large mirrors. 

High-energy laser beams can be used as an alternative light source to exert much greater force than would be 

possible using sunlight. Solar sail craft offer the possibility of low-cost operations combined with long-

operating lifetimes. Since they have few moving parts and use no propellant, they can potentially be used 

numerous times to deliver payloads. 

The NRO Advanced Systems and Technology Directorate’s (AS&T) Advanced Materials Division is exploring 

the use of graphene-bonded sheets for use as thermal straps in spacecraft. These carbon-based thermal 

straps might supplant their metal counterparts and Hind applications in such critical components as 

cryocoolers, antennas, electronics, and optical systems. 

  

PRESSURE VESSELS AND GRAPHENE 
Hydrogen is a key potential fuel for both aircraft (driven by electronic engines) or for space environments. The key 

challenge with hydrogen systems is to design suitable high-pressure tanks or container vessels. 

Graphene is currently being used to enhance a linerless, wound carbon fiber and thermoset composite 

pressure vessel that has been tested under extreme conditions. The graphene is used within the resin system 

to improve fracture toughness, as well as the longevity and fatigue life of the composite. In addition, graphene 

is also used in a coating of the vessel for barrier performance / diffusion control. 

 

By using Graphene Nanoplatelets (GNP’s), nearly all micro fractures were eliminated in the test samples even 

after testing in a harsh cryogenic environment. This was verified using Scanning Electron Microscopy (SEM). 

 

The tests that were performed included loading a spherical vessel with liquid oxygen at -300° F and a 

pressure of 600 psi. NOTE: This information came as part of a testing project for NASA for potential use on 

the Space Station and other space applications. 
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The companies involved included Infinite Technologies (construction of  the  vessels)  and Applied 
Graphene Materials (AGM), the supplier of graphene materials.  
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ELECTRONICS 

Electronic Shielding - Aerospace devices are packed with mission critical, sensitive electronics that need to be 

protected against Electronic Discharge (ESD), Radio Frequency Interference (RFI) and Electromagnetic 

Interference (EMI). Graphene is of particular interest as a shielding material for use where corrosion is an issue, 

and where complex shapes make traditional shielding materials difficult and/or expensive.  Some estimates 

have placed the potential addressable market for these electronic shielding coatings in the aerospace sector 

somewhere around $300 to $500 million by 2030. 

Electronic Components - These components refer to interconnects and heat sinks that are ubiquitous in today’s 

high-speed electronics. The global market for passive and interconnecting electronic components was valued 

at around US$215 billion at a CAGR of 9% in 2018. 

Photodetectors - These devices are used to detect light, and graphene has a particular strength in detecting 

the mid-IR or terahertz regime of light. The mid-IR sensors market was estimated to be worth $5 billion in 2018, 

a ten-fold increase compared to the prior 7 years. If the mid-IR photodetector market continues to grow at 58% 

CAGR over the following five years, it could reach a $50 billion market by 2023. 

Aerospace Sensors - One of the key drivers in future aerospace structural systems will be the need to 

incorporate distributed sensor networks into them. These sensor networks will be used for monitoring the health 

of the structure, which will demand self-sensing properties for auto-inspection. These sensors networks will 

need to be able to shape themselves to the structure—referred to in the industry as “morphing”. 

To achieve this kind of technology there is a need for innovative materials, which can be used as sensors. These 

materials and the devices that they enable will need to be inexpensive, easy to install, light and accommodate 

a wide deformation range. These challenging targets may be well addressed by the innovative piezoresistive 

materials, which should then be integrated into responsive sensor networks. 

Graphene-based elastomeric nanocomposites have been investigated as the kind of material that can meet 

these requirements. While these graphene-based nanocomposites represent most of the research in this area, 

some research is looking at CVD-based materials for the manufacturing of such a sensor. While the performance 

characteristics of these CVD-graphene sensors are attractive, the relatively high production costs, and complex 

processes of CVD methods hinder the development of technological solutions and practical applications. 

However, with the advent of large scale, roll-to-roll CVD production equipment, such as that from Aixtron and 

LG Electronics, the cost of CVD grade material is expected to decrease.  
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ENERGY STORAGE 

Energy Storage - Many of the electronics and sensors that will be used in aerospace applications will be 

powered by batteries and supercapacitors. Since 2012, Skeleton Technologies from Europe has 

commercialized a series of high-performance symmetric supercapacitors called SkelCap that are based on 

curved graphene. Also, a Chinese-based company known as Ningbo CRRC New Energy Technology has 

launched supercapacitor with electrodes in composite of graphene and activated carbon, which can achieve 

energy density that surpasses those of commercial carbon/carbon symmetric supercapacitors from Maxwell, 

Panasonic, EPCOS, and Nesscap.7 

 

Li-ion Batteries are the current dominant battery technology. In recent joint research, Samsung and XG 

Sciences have been reported to be developing a Li-ion battery that uses graphene in its design. Outside of Li-

ion technology, graphene is being used to develop new battery chemistries, as well as unique and flexible 

formats to accommodate specialized aerospace requirements. 

 

To date, the main performance enhancement that graphene-based batteries and supercapacitors provides is 

flexibility. While energy storage devices can take many shapes and sizes at this point, they have all remained 

rigid devices. This is because if you bend or stretch a battery or supercapacitor cell, damage and electrolyte 

leakage will result. 

 

 
Source: CTI Materials 

 
Flexible energy storage devices may represent graphene’s best avenue into energy storage applications.  

Graphene’s mechanical flexibility combined with its exceptional electrical properties and large surface area 

makes graphene attractive for flexible energy-storage devices. 

 



 

38 
 

PHOTOVOLTAICS 

Photovoltaics or Solar Cells are an important source of energy capture, especially in the space environment. 

Graphene-based photovoltaics operate in fundamentally the same way that today’s inorganic/silicon solar cells do. 

The difference is that some of the materials that are currently being used in today’s solar cells are replaced with 

graphene derivatives. 

The use of graphene as a transparent, conducting electrode in solar cells is one of the most researched application 

areas for graphene in photovoltaics. Graphene has been and continues to be used as a transparent conducting 

electrode material in various types of inorganic, organic, and dye-sensitized solar cells. For use as a transparent 

electrode, graphene should have good optical transparency and low sheet resistance. 

 
Credit: Stuart Darsch - A new flexible graphene solar cell developed at MIT is seen in the transparent region at the center of 

this sample. Around its edges are metal contacts on which probes can be attached during tests of device performance. 
 

Graphene has not been limited to just the transparent electrodes of solar cells. Research has shown that 

graphene can play a role in the conversion and conduction layers of a photovoltaic cell. 

 

Driven by national initiatives in many countries to develop alternative energy solutions, photovoltaics has 

experienced extraordinary growth over the last decade, experiencing 40% CAGR over the period. This has led 

to a market valued over $90 billion per year. This includes modules, system components and installations. 

 

Market estimates predict that nanomaterials in photovoltaics could represent 10% of the total solar cells 

market, creating a $9 billion industry. Graphene itself is poised to take a significant portion of that market. 

 
Communications - Graphene is expected to have an impact on fiber optic networks with the various devices 

that make those networks work, such as optical modulators and photodetectors. 
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However, when we look at communication applications for the aerospace industry, we are looking more 

specifically at wireless networks. 

 

In wireless communication applications, the use of graphene could enable antennas with smaller sizes and 

thinner dimensions. The graphene-enabled antennas not only need to be thinner and smaller, but they also 

must become capable of emitting higher frequencies. Graphene-enabled antennas have demonstrated the 

capability of operating at a higher frequency and thereby increase the bandwidth. 

 

Survivability - Beyond structural composites, graphene has another role to play in the survivability of vehicles 

on land, air or space. This is in the area of coatings. 

 

The global aerospace coatings market is estimated to be worth between US$643.5 million and US$696.6 

million, with approximately 60% commercial and 40% military. It is expected to experience annual growth to 

of 5-8% per year. It is also expected that by 2030 that addressable market for graphene-enhanced coatings 

will reach US$318.5 to US$530.8 million. 

 

The growth of the overall aerospace coatings market is driven by the need to protect structures   and   

surfaces   of   the   aircraft   from   harsh   environments.   Specifically, the commercial use of nanocoatings 

has been driven by all the same factors. 

 

Graphene is competing with other carbon nanomaterials as well as the more traditional carbon black/graphite 

or metal particle additives to protect critical surfaces and components. Graphene does have some 

competitive advantages such as its high electrical and thermal conductivity and high aspect ratio that leads to 

the formation of a conductive material with coatings at very low loadings of graphene. 

 

Aerospace companies and agencies are developing graphene coatings with special properties for aircraft 

frames, interiors, engine parts and component surfaces. These properties include: 

● Self-cleaning 

● De-icing 

● Anti-fouling 

● Improved hardness and impact resistance 

● Wear and corrosion resistance 

● Improved thermal performance and flame retardancy 

 

Graphene’s high electrical conductivity in coatings could involve nano-enabled thermosets that can heat a surface 

through resistive heating with a current being applied across the coating. These coatings are ideally suited for 

preventing ice from damaging the inside or outside of a system. In aerospace applications this functionality would 

be used on aircraft wings that could be de-iced automatically. 

Electro-thermal heating is by no means a new concept, but for these applications, graphene is a superior choice of 

additive compared to carbon black or other conductive Hillers due to a number of factors; namely preservation or 

enhancement of coating process-ability and durability (i.e. the solids content of carbon black required to make a 

conductive electro- thermal coating rules it out for many applications). 

Requirements for electrothermal coatings are rather higher than for simple anti-static flooring, (in the sub-kilo-

ohm/cm resistivity range), which opens up additional applications in EMI shielding and lightning strike protection. 
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Finally, graphene oxides are very strong UV absorbing additives and so can substantially lengthen the operating 

lifespan of coatings traditionally used in outdoor applications. Conventional UV stabilizers can be used here as well, 

but it’s important to recognize the multifunctional utility of graphene. 

Improving mechanical properties, electrical properties and UV resistance in a resin system are potentially possible 

with a single graphene additive at a low addition rate. Contrast this with the alternative; multiple additives, 

potentially incompatible with each other, at a high addition rate that might compromise other material properties. 

This subtle property of graphene, to impart multiple benefits with few if any tradeoffs, is a key reason it is highly 

attractive for demanding aerospace applications. 

Aerospace companies that are involved in the commercialization of coatings include SAAB, which has filed a 

patent for the development of de-icing coatings.  In addition to de-icing, the graphene additive could strengthen 

the acrylics and shield against EMI interference. General Electric is another company that is developing anti-icing 

nanocoatings that reduce ice adhesion and have also been shown to delay the onset of ice formation. 

 
Þ TABLE 4: MARKET POTENTIAL FOR GRAPHENE IN COATING APPLICATIONS 

  
  
Application 

  
  
Market Size 

  
Market Pull 

(Strong, Medium, 
Weak) 

Commercial 
Development of 
Graphene (High, 
Medium, Low) 

Anti-Corrosion 
Coatings US$12.6 billion Strong 

High 

Anti-Icing 
Coatings 

US$1.05 billion Strong 
Medium 

Source: The Graphene Council, The Graphene Report 2020 
 
The markets for these applications are both large and quite dispersed. Coatings can be broken down any 

number of ways, based on their applications, such as aerospace, construction, and automotive, or according 

to their function, such as de-icing, wear- resistance, anti-corrosion. 

 

For the sake of this section, we will look at breaking down coatings according to function. 
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Þ TABLE 5: MARKET SIZE FOR COATINGS BASED ON FUNCTION 

Function Overall Market 
Size 

Potential 
Penetration 

Estimated Market 
Size for Graphene 

Anti-Corrosion US$12.6 billion 5% US$630.3 million 

Thermal Barrier US$4.25 billion 5% US$ 212.3 million 

Wear Resistance US$5.3 billion 2.5% US$ 265.4 million 

Anti-Icing US$1.05 billion 10% US$106.2 million 

Source: The Graphene Council, The Graphene Report 2020 
 

These numbers demonstrate the potential. The underlying markets are huge and graphene has a lot of 

benefits to offer in these applications. To predict a 5-percent market share for some of these markets is fairly 

conservative, others predict 10% to 20% penetration rates.  
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