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SPACE 
The Dawn of a New Age 
 
If generations were classified in terms of space advancement, I grew up in the 
“space shuttle” generation. We learned about previous U.S. space programs in 
school and about Neil Armstrong walking on the moon, but the space shuttle was 
different. It was a rocket on takeoff, but then acted like an airplane when it landed —
gliding back to Earth and dropping down at an airport. And it was something 
happening in front of our eyes instead of in history class. We imagined hopping on 
the space shuttle to Mars for a family vacation instead of Florida and taking it to hit 
golf balls on the Moon. 

Today’s generation is at the forefront of a new space era — one that will be far-
reaching, inclusive, and potentially more disruptive. We have finally come to a stage 
where the dreams around space from childhood are turning into reality. Space 
tourism could really become more accessible to the average person. Mining on the 
Moon or on an asteroid is seriously being considered. And powering the Earth with 
solar power collected from satellites is on the horizon.  

So what suddenly changed to make space more accessible? Two things: the private 
sector entered the industry and launch costs declined. Until recently, the space 
industry had been dominated by government-sponsored programs, which focused 
more on military capability, and creating revenue and jobs. As more private 
companies enter the industry, they are prioritizing operational efficiency. 

Today’s launch costs of $1,500 per kilogram ($1,500/kg) are about 30x less than the 
launch cost of NASA’s Space Shuttle in 1981. Reusable rockets and launch 
vehicles, new materials and fuels, more cost-efficient production methods, and 
advancements in robotics and electronics systems are combining to drive these 
costs even lower. The authors of this report believe launch costs could to fall to 
$100/kg by 2040, and in a bullish scenario, to as low as $33/kg. 

With lower launch costs, the authors expect the space economy to generate over  
$1 trillion in annual sales by 2040, up from around $370 billion in 2020. The satellite 
market, which currently makes up over 70% of the current space industry, will 
continue to dominate but is expected to undergo a paradigm shift in demand. 
Traditional applications such as video broadcasting will cede to newer applications 
such as consumer broadband and space-as-a-service. Satellite imagery and better 
analysis tools for large amounts of data could be crucial in helping nations and 
companies address many of the UN Sustainable Development Goals, particularly 
monitoring greenhouse gas emissions, deforestation and biodiversity.  

But the fastest growth is expected to come from new space applications and 
industries, such as space-based solar power, space logistics, and Moon/asteroid 
mining, among others. These areas could generate ~$100 billion in annual sales by 
2040.   

Better get started on the packing list for my trip to Mars… 
  

Kathleen Boyle, CFA 
Managing Editor, Citi GPS 



Launching the New Space Economy

We view more affordable launch costs as the primary enabler in making space accessible to a wider variety of applications. 
Launch costs are already 40x lower than they were in the 1980s. We expect them to fall an additional ~95% to around 
$100/kg by 2040 driven by reusability, scale, lower input costs, and cost-efficient production methods.

LAUNCH COSTS ARE A KEY ENABLER

We expect the overall space industry to reach $1 trillion by 2040 — delivering 5% compound annual growth starting from 2020. 
Revenue from manufacturing, launch services, and ground equipment will make up the majority of the revenue growth in the 
satellite sector. However, the fastest growth rate is expected to come from new space applications and industries, with revenue 
forecast to rise from zero to $101 billion over the period.

SPACE INDUSTRY COULD BE $1 TRILLION BY 2040

© 2022 Citigroup
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In the satellite sector, we see the strongest contrast among various end-markets over the next 20 years within the satellite 
services business. Advancements in smaller satellite launches, better tools to analyze large amounts of data, and a growing 
range of applications, including using satellite imagery to tackle a host of environmental issues, are expected to drive 
growth in new industries such as Earth Observation and broadband.

A PARADIGM SHIFT IN THE SATELLITE MARKET

As lower launch costs and technology advancements drive widespread accessibility, new applications are set 
to emerge and could generate $100 billion in revenue annually by 2040. Investment is also supportive as flows 
shift from being dominated by government agencies and the wealthiest nations, towards more private funding.

GROWTH IN NEW INDUSTRIES

$8
billion

$23
billion

$11
billion

$12
billion

$21
billion

$8
billion

$14
billion

$118
billion

total  
market

2020

$144
billion

total  
market

2040

Commercial  
Space Station

Space-Based 
Solar Power

Space  
Exploration

Moon/Asteroid 
Mining

Space  
Logistics

Space  
Tourism

Microgravity R&D 
and Enginnering

Broadband

Fixed

Mobile Connectivity

Earth Observation

Satellite Radio

Television

41%
21%

10%

11%

5%

12%

2%2%13%

3%

5%

75%
Source Satellite Industry 
Association (2020), Citi Research



 Citi GPS: Global Perspectives & Solutions May 2022   

 

© 2022 Citigroup 

6 

Contents 
Introduction 7 
The New Space Economy “Launched” by Lower Costs and 
Better Satellite Technology 8 
Launch Costs Are a Key Enabler 8 
Satellite Technology Continues to Improve 19 
Space Economy to Be Worth >$1 Trillion by 2040 22 
Investor Flows Continue to Grow 29 
Interview with Simon Drake MD/Partner, Space Ventures Investors 33 
Existing Applications: Paradigm Shift in Satellite Services 35 
An Interview with Scott Wisniewski EVP/Chief Strategy Officer, AST 
SpaceMobile 39 
Earth Observation: Big Data and ESG 42 

Emergence of New Business Models and Companies 42 
UN Sustainable Development Goals 46 

Interview with Nanne Tolsma Head of Client Relations, Satelligence 54 
Unlocking New Applications and Industries for Space 58 
Commercial Space Station 59 

We Estimate $8 Billion in Sales by 2040 59 
An Interview with Amir Blachman Chief Business Officer, Axiom 
Space 60 
Solar Power from Space: On the Horizon 62 

How Space-Based Solar Power Could Work 62 
Weight, Cost, and Safety Are Key Hurdles to Adoption 63 
SBSP Will Need a Step-Change in Solar Panel Mass per 
Kilowatt 65 
SBSP to Be Worth $23 Billion in Sales by 2040 67 

Asteroid Mining: A “Gold” Mine in Space 68 
The Value of an Asteroid: Who Wants to Be a Trillionaire? 68 
The Moon Will Likely Be the First to Be Mined 70 
The Challenges of Asteroid Mining 71 
What Asteroid Mining Could Look Like 72 
Mining the Moon Could Be Worth ~$12 Billion in Annual Sales by 
2040 73 

Space Logistics: Cargo Rockets 75 
Space Tourism and Inter-City Passenger Travel 78 
Microgravity R&D and Construction 82 
Beyond 2040: Colonizing Mars 84 



May 2022 Citi GPS: Global Perspectives & Solutions   

 

© 2022 Citigroup 

7 

Introduction 
The 21st century has seen significant disruptions that are shaping a new space age. 
While the last space race was driven by the Cold War superpowers, the new space 
age looks quite different — more private companies, wider access to other 
industries, more disruption, and significant potential to change our everyday lives.  

We forecast space to become a trillion-dollar industry by 2040, growing at a ~5% 
compound annual growth rate (CAGR) over the period, propelled by growth across 
the satellite industry, government space budgets, and a proliferation of new 
applications and industries. We focus on the commercial space market in this 
report, where we see scope for advances over the next few decades to exceed 
what we have seen throughout human history.  

The satellite market currently makes up the largest value in space (over 70%). We 
see robust growth in manufacturing, launch services, and ground equipment and a 
paradigm shift in the satellite services market away from traditional applications, 
such as video broadcast, towards a broader range of applications such as 
consumer broadband; mobility; big data from satellites; and the growing applications 
to tackle greenhouse gas (GHG) emissions, deforestation, and biodiversity loss. 

We also see a surge of new applications and industries that will begin to materialize 
in the latter part of the decade. These include areas such as space-based solar 
power, Moon/asteroid mining, space logistics/cargo, space tourism, inter-city rocket 
travel, and microgravity R&D and construction. We explore all of these areas in 
more detail and estimate potential future market values later in the report.  

We see lower launch costs and leaps in technology as key enablers to the 
proliferation of space. Launch costs have fallen ~40x since the 1980s, and we 
forecast them to come down another ~95% to ~$100 per kilogram by 2040, driven 
by reusability, new materials, and a private-sector cost-focused approach, 
supported by improvements in satellite technology, such as higher data throughput; 
lower latency; and improvements in resolution detail, refresh rates, and coverage 
area. 

Investment flows are also supportive. Space investment has in the past been 
dominated by government agencies and the wealthiest nations. With the growing 
number of applications/use cases, mounting media attention (helped by SpaceX, 
Blue Origin, and Virgin Galactic to name a few), increased knowledge/expertise, 
and the sheer speed of development, we are seeing more investments into the 
space ecosystem by long-term investors, beyond prominent billionaires. 
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The New Space Economy 
“Launched” by Lower Costs and 
Better Satellite Technology 
Launch costs have fallen ~40x since the 1980s. We forecast launch costs to come 
down another ~95% by 2040 to ~$100 per kilogram (kg) thanks to reusability, “new” 
materials, and a private-sector cost-focused approach. This will be supported by 
improvements in satellite technology with both communications and intelligence 
operators pivoting towards smaller, disaggregated solutions with lower operating 
orbits; higher data throughput; lower latency; and improvements in resolution detail, 
refresh rates and coverage area.  

Launch Costs Are a Key Enabler  
We view more affordable launch costs as the primary enabler in making space 
accessible to a wider variety of applications. Launch costs have already fallen 
precipitously since the 1980s, with industry leaders generating ~75% better cost 
outcomes versus peers.  

Looking at launch costs since the dawn of the space age in today’s dollars/inflation-
adjusted launch price per kg to low-Earth orbit (LEO), we see three notable trends: 

1. Initial Drop in Costs: Some early systems had launch costs of greater than 
$100,000/kg (i.e., Thor-Delta E and Scout in the mid-1960s). Costs then 
dropped significantly for the Saturn V used for the Apollo launches starting in 
1967 (~$5,400/kg). This was still among the lowest launch costs until the two 
recent Falcons launches by SpaceX and a few Russian launches (e.g., 
Angara). 

2. Range Bound from 1970 to 2010: The average launch cost remained 
relatively stable in 1970 to 2010 at an average cost of ~$16,000/kg for 
medium/heavy payloads and ~$30,000/kg for light payloads. Costs remained 
range bound largely due to existing launch systems being used with little 
development in new systems; the number of launches being reduced (there is a 
Catch-22 between the number of launches and launch costs); the high 
reliability needed for human spaceflight; and a non-industrial and non-
commercial culture that existed, as development at the time was all 
government funded. The U.S. launch industry, for example, had been a 
monopoly for United Launch Alliance (ULA), whose main customers were the 
U.S. government/NASA and the military. ULA subsequently lost a large part of 
the commercial/telecoms market to Russia and Europe (Arianespace). 
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3. Cost Drop Post 2010: Lower launch costs were pioneered by SpaceX with the 
launch of Falcon 9 in 2010 (~$2,500/kg) and Falcon Heavy in 2018 
(~$1,500/kg).1 These levels are 30x lower than the launch cost of NASA’s 
Space Shuttle in 1981 and 11x lower than the average launch costs from 1970 
to 2010. In a February 2020 presentation by the National Centre for Space 
Studies (CNES) on the Ariane 6 (developed by ArianeGroup on behalf of the 
European Space Agency to replace the Ariane 5), the French space agency 
estimated that Blue Origin’s New Glenn launch would cost ~$60 million for its 
45,000kg LEO payload, indicating a launch cost of ~$1,300/kg.2  

Figure 1. Launch Costs to Low-Earth Orbit ($ ‘000s per kg, 2021 inflation-adjusted dollars) 

 
Note: We define small payloads of up to 2,000 kg, medium up to 20,000 kg and heavy greater than 20,000 kg. 
Source: Citi Research, Various websites/press articles 

 
There are various key components of a space launch: 

 First Stage: This involves the section at the bottom of the rocket stack containing 
the main engines that lift the rocket off the launch pad. It is usually not powerful 
enough to carry the payload all the way into orbit by itself, so at least one 
additional stage is needed. 

 Second Stage: When the first stage has used up its fuel, it is discarded and the 
second stage takes over. The thinner air offers less resistance at the altitude 
when the second stage kicks in, so the engines at this stage do not need to be as 
powerful as the first stage. 

 Payload/Fairing: The payload is the cargo being carried into space, whether a 
satellite, telescope, supplies, or even crew. The fairing is used to protect the 
payload during the early portion of the boost phase when the aerodynamic forces 
could affect the rocket. 

                                                           
1 The Falcon 9 cost does not include the Dragon Capsule, which is needed for cargo and 
crew and adds cost and reduces the payload, resulting in a cost of ~$25,000 per 
kilogram (kg). Additionally, the cost to launch cargo to the International Space Station 
(ISS), which is in low-Earth Orbit (LEO) from the U.S., is typically higher as the ISS is in 
a higher inclination orbit to accommodate Russian launch sites. Smaller payloads often 
increase the launch cost per kg. 
2 The CNES’ launch cost estimate has not been confirmed by Blue Origin. 
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Figure 2. Key Components of a Typical Space Launch  Figure 3. Drivers of Our Forecast of Launch Costs by 2040 ($ per kg) 

 

 

 
Source: NASA  Source: Citi Research 

 
We forecast that launch costs will fall another ~95%, to ~$100/kg by 2040 driven by 
reusability, scale, lower input costs, and cost-efficient production methods. 

Fundamentally, with the new generation of space being driven by the commercial 
sector, the launch industry is seeing a secular shift from being largely cost-plus 
pricing-based to being value-based in order to open up new markets and maximize 
profitability. Previously, the launch market had a limited number of government-
supported companies that were concerned more with military capability and creating 
revenue and jobs than with increasing operational efficiency. 

Our 2040 launch cost estimate equates to a total cost decrease of ~12% CAGR 
(compound annual growth) up to 2040, but this is heavily front-end weighted, with a 
cost decrease of ~23% CAGR from 2020 to 2030. 

In a best-case scenario, driven by a revolution in materials and operating costs 
along with fuel efficiency, we estimate launch costs in 2040 could fall further to 
~$30/kg, while in a bear-case scenario of rockets still only being reused around 10 
times by 2040, we estimate that this will be ~$300/kg.   

Figure 4. Forecast of How Launch Costs Will Evolve to 2040 ($ per kg)  Figure 5. Our Base and Bull/Bear Scenarios for Launch Costs by 2040 
($ per kg) vs. ~$1,500 per kg Currently for the Falcon Heavy 

 

 

 
Source: Citi Research  Source: Citi Research 

 
  

$1,500

~$100

$0

$200

$400

$600

$800

$1,000

$1,200

$1,400

$1,600

Current
Launch
Costs
($/kg)

Increasing
Reuse of

First Stage

Reusable
Second
Stage

Reusable
Faring/
Payload

Drop in
Materials

Costs
(Steel)

Drop in
Operating

Costs

Launch
Costs in

2040
($/kg)

-13%

-48%

-24%
-4% -4%

$0
$200
$400
$600
$800

$1,000
$1,200
$1,400
$1,600
$1,800
$2,000

20
20

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

20
31

20
32

20
33

20
34

20
35

20
36

20
37

20
38

20
39

20
40

Reusable
2nd stage

Reusable
Faring

Falling input and operating costs
Higher number of launches

$33

$100

$300

$0

$100

$200

$300

$400

Bull Case Drop in
Input,

Operating
Costs & Fuel

Efficiency

Base Case Reuses
Capped at

10

Bear Case



May 2022 Citi GPS: Global Perspectives & Solutions   

 

© 2022 Citigroup 

11 

SpaceX founder and CEO Elon Musk has suggested a more ambitious target of 
achieving a launch cost of $10/kg for SpaceX’s Starship, of which roughly one-third 
would be the propellant costs. This would mean a total launch cost of $1.5 million 
when delivering 150 tons to orbit, or $1 million if the fuel costs are eliminated 
through advancements in propulsion technology. However, we believe that to 
achieve this level of launch cost, we would need to see a significant step change in 
materials design, propulsion technology, and operating costs. 

Many variables remain to be determined, including actually proving launch 
capability (it is rocket science after all) as well as market appetite, pricing, regulatory 
acceptance, and space debris sustainability. But the bottom line is cheaper 
launches will increase access to space and help underwrite a new wave of business 
models across communications, sensing, resource utilization, and tourism end-
markets.  

Reusability Is the Primary Driver of Launch Cost Affordability   

Reusability of both rockets and entire launch vehicles is the key to reducing launch 
costs. However, most existing rockets do not support reusability given technology 
barriers, high development costs, and reduced payloads due to the need to carry 
fuel for landing. The historic dependency on the government/public sector may have 
somewhat hampered innovation in terms of reducing costs. The fact that the private 
sector has become so involved in the space industry over the past 10 years has 
meant reusability has become a significant focus. 

Both the Falcon 9 and Falcon Heavy have a reusable first stage (the most 
expensive part of the rocket); however, this cost ~$1 billion to develop, and the 
projected cost savings may take a while to obtain the scale to materialize. Musk has 
previously said that SpaceX’s Starship will have a fully reusable upper/second stage 
and fairing. 

We take a closer look at how two vehicles (Falcon 9 and Starship) can generate 
more affordable launch costs through reusability: 

 Falcon 9 currently leads the commercial launch market with new vehicle pricing 
of ~$2,700/kg to LEO and ~$2,200/kg for reused vehicles (not including Falcon 
Heavy at $1,400/kg). We expect that Falcon 9 can drive even better price 
outcomes as it continues to progress towards its hypothetical 100 launch limit. 
We have already seen its first stage reach its 10th reuse, implying an internal cost 
of ~$900/kg to $1,000/kg. We forecast that going further down the cost curve can 
help drive pricing to ~$775/kg. Note that we are not suggesting this is the launch 
price the market pays, as operators push to drive cash for looming investments 
like Starlink; however, we believe it is fair to expect that launch costs can 
continue to fall with current designs. 
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Figure 6. SpaceX’s Falcon 9 Various Stages 

 
Source: Citi Research, SpaceX 

 
 Starship development is progressing well, and we expect full reusability to drive 

another step down in launch costs. Assuming a launch pricing strategy similar to 
Falcon 9 (new launch = build cost), we forecast that Starship can reduce launch 
costs to ~$1,600/kg to LEO. However, we expect improved reusability can help 
drive launch pricing of ~$100/kg to $150/kg to LEO over time. This is due to 
Starship’s ability to utilize cheaper materials that support full vehicle reusability 
and improved launch turnaround time. 

Figure 7. Reusable First Stages Support a ~70% Reduction in Total 
Costs and a ~30% Reduction in Incremental Costs Over the Life of an 
Asset   

 Figure 8. Fully Reusable Vehicles Can Support a ~95% Reduction in 
Total Costs and a ~40% Reduction in Incremental Costs Over the Life of 
an Asset 

 

 

 

Source: Citi Research  Source: Citi Research 
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A reusable first stage essentially means that once the rocket expends its fuel, the 
first stage falls back through the atmosphere before recovery by the launch 
company. The first stage needs to have enough fuel left to adjust the speed and 
reorient the vehicle for landing (the rocket follows a parabolic arc and would not 
typically carry enough fuel to return to the launch site). A fully reusable vehicle, such 
as SpaceX’s Starship, is being designed so that its upper stages can survive the 
entry process with minimal refurbishment. 

Industry leaders like the Falcon 9 will typically reignite its engines to land at either a 
base or on/near a drone recovery ship. SpaceX currently has three operational 
autonomous spaceport drone ships (ASDSs): “Just Read the Instructions (II) (JRTI)” 
and “A Shortfall of Gravitas (ASOG)” — operating in the Atlantic Ocean — and “Of 
Course I Still Love You, (OCISLY),” operating in the Pacific. 

Following SpaceX’s successful reusable launch, the European Commission 
announced the Retro Propulsion Assisted Landing Technologies (RETALT) project 
in June 2019 to develop two reusable launch vehicles, one of which is similar to the 
technique used by SpaceX to land its Falcon 9 rocket first stages back on land and 
on autonomous drone ships and “make re-usability state-of-the-art in Europe."3 

Figure 9. Drone Recovery Ships Like  “Of Course I Still Love You, 
(OCISLY)” Help Recover First Stages at Sea 

 Figure 10. First Stage Reusability Can Be Done via In-Air Capture 

 

 

 
Source: geekwire.com  Source: TechCrunch.com 

 
Additionally, a host of smaller launch providers are working towards their own 
methods of affordability. The principal effort revolves around varying forms of first-
stage reusability such as in-air capture or air launch, while some are working on 
reusable upper stages or fully reusable vehicles. Aside from reusability there are 
also efforts focusing on cost-outs in other areas such as the supply chain, logistics, 
and technologies/robotics that allow for increased efficiency in turnaround times, 
such as the “catching arm” (Mechazilla) shown in Figure 11.  

We are still unsure as to the extent these vehicles will be able to compete on a $/kg-
to-LEO basis versus industry-leading vehicles such as Falcon, Starship, or Blue 
Origin’s New Glenn. However, we expect them to be competitive on a total launch 
cost basis as segments of the market require whole rides for more specific insertion 
orbit inclinations versus ride-share and last-mile services. 

                                                           
3 “Project,” RETALT, accessed April 26, 2022. 

https://www.retalt.eu/project/
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Figure 11. Catching Arms for Vehicles Like “Mechazilla” Can Improve 
Turnaround Time and Improve Vehicle Efficiency by Low Single-Digit % 

 Figure 12. Air Launch with Single-Use Launch Vehicles 

 

 

 
Source: Space News  Source: Teslarati.com 

 
We note these efforts come amidst a host of new entrants looking to compete 
across super-heavy, heavy, medium, and small launch vehicle classes. While 
pricing is high at the moment, scale and affordability initiatives should continue to 
make pricing more attractive for a diverse variety of space economy projects.  

Figure 13. Legacy Launch Vehicles Are Massive, Expensive, and 
Traditionally Single Use 

 Figure 14. Next-Gen Vehicles Offer Greater Capability and Likely Better 
Affordability for Both Commercial and Government Customers 

 

 

 
Source: Citi Research  Source: Citi Research 

 
Figure 15. We Are Already Seeing Smaller Launch Vehicles Enter the 
Low End of the Market 

 Figure 16. New Commercial Players Are Likely Able to Offer Dedicated 
Mission Sets at Significantly Lower Launch Costs 

 

 

 
Source: Citi Research  Source: Citi Research 
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“New” Materials and an Industrial Approach Will Support Lower Costs 

We believe launch costs will be further brought down as manufacturers utilize 
designs that incorporate “new” materials like steel, carbon composites, and 3D 
printing, as well as a private-sector/industrial approach to production techniques.  

Aluminum-titanium (Alu-Ti) rockets with kerosene-fueled engines have been the 
market standard for several decades. But new entrants are using materials like 
stainless steel, carbon composites, and liquid methane fuel to drive a better 
combination of reusability and affordability. 

 Stainless steel is typically viewed as inferior versus Alu-Ti alloys and carbon 
composites due to its strength/weight disadvantages (Figure 17). But improved 
operating temperature and thermal conductivity performance (Figure 18) lend to 
reusability and affordability in several ways: (1) steel’s higher operating 
temperature decreases the level of material ablation during atmospheric entry, 
reducing but not eliminating the need for thermal shielding; (2) steel’s lower 
thermal conductivity reduces the level of energy transfer from its fuel load, 
allowing for more efficient storage of colder fuels like methane; and (3) stainless 
steel’s ductility at colder temperatures reduces the risk of cracks forming in space 
and when storing colder fuels. In short, stainless steel vehicles can drive better 
affordability thanks to greater second stage reusability and improved thrust 
performance. Steel is also ~60%-70% cheaper than Alu-Ti alloys and ~95% 
cheaper than carbon composites, lowering the cost of initial vehicle production. 

 Carbon composites are typically viewed as superior versus Alu-Ti alloys due to 
strength/weight advantages and higher operating temperatures. However, 
several dynamics currently hold them back from achieving better affordability: (1) 
carbon composites sometimes require epoxy resins that are unable to withstand 
the heat generated during atmospheric entry, limiting upper-stage reusability; (2) 
carbon composite’s greater thermal conductivity makes it more challenging to 
utilize colder fuels like methane; and (3) carbon composites are extremely 
expensive, costing ~7-9x Alu-Ti alloys and ~22x stainless steel. However, carbon 
composite costs are falling as it continues to move down the cost curve thanks to 
greater innovation and industry scale. More advanced manufacturing methods 
(e.g., 3D printing) can reduce the need for epoxy resins, helping to drive upper-
stage reusability over time. 

 Methane rocket fuel has long been considered a ”middle ground” fuel for launch 
vehicles — not as easy to work with as kerosene and not as energetic as 
hydrogen (Figure 20). But industry leaders are increasingly considering it as an 
alternative to kerosene for several reasons: (1) it generates greater thrust than 
kerosene thanks to its energy density (Figure 20); (2) it is less expensive than 
kerosene when comparing it on a $/megajoule ($/MJ) basis (Figure 21); (3) it 
burns cleaner, reducing “coking” of rocket engines and allowing greater engine 
reuse without refurbishment; and (4) it is more readily available in space and 
easier to synthesize thanks to improvements in the Sabatier process (converting 
carbon dioxide to methane and water). However, the key challenge is that 
methane is much more difficult to handle than kerosene as it requires colder 
temperatures to liquefy. 
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Figure 17. Carbon Fiber, Aluminum, and Titanium Offer Better Strength-
to-Weight Advantages Over Stainless Steel 

 Figure 18. Aluminum and Epoxy’s Thermal Properties Challenge Their 
Use Case for Methane Fuel, Upper-Stage Reusability 

 

 

 
Source: Citi Research, NASASpaceFlight.com  Source: Citi Research, compositesworld.com 

 
Figure 19. Stainless Steel Offers Significantly Better Cost Advantages Over Carbon Fiber and 
Alu-Ti Alloys 

 
Source: Citi Research 

 
Figure 20. Methane Offers Greater Energy Density Than Kerosene 
(Retail Jet/RP-1) and More Manageable Operating Temperatures Than 
Hydrogen 

 Figure 21. Liquid Methane Offers Cost Advantages vs. Liquid Kerosene 
(Retail Jet/RP-1) Although Handling Costs Are Higher 

 

 

 
*Liquid Methane (CH4) is predominant component of LNG 
Source: Citi Research 

 *Proxy for kerosene rocket fuel (RP-1). **Proxy for liquid methane 
Source: Citi Research 
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Additionally, the “next generation” of launch vehicles being funded and operated by 
the commercial sector with increased completion, has meant an industrial approach 
to maximize cost and efficiency in production. This includes using a smaller 
workforce, more in-house development, fewer management layers, less 
infrastructure, and a culture focused on profitability.  

Notably, SpaceX is widely thought to have achieved such favorable launch costs as 
it is fully vertically integrated, with in-house development of most of the components 
of its rockets, including design and engineering, manufacturing, integration, testing, 
launch, and operations. Additionally, SpaceX vehicles are designed to be simple 
and have lots of overlap. For example, the Falcon 9 uses nine identical engines, 
while the Falcon Heavy effectively uses three Falcon 9s, as shown in Figure 22. 

In contrast, United Launch Alliance (ULA) is primarily a systems integrator and 
launch operator with hundreds of subcontractors/facilities spread across the country 
— an approach more beneficial for government-funded programs and supportive of 
employment.  

The Falcon 9 was estimated to cost SpaceX $443 million to develop for NASA using 
a cost-plus approach. NASA estimated this was ~68% lower than it would have 
been had they used traditional contracting based on the NASA-Air Force Cost 
Model (estimated to be around $1.4 billion). 

Figure 22. SpaceX’s Falcon 9 and Falcon Heavy Are Designed with a Lot of Overlap 

 
Source: Citi Research, TechCrunch.com 
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Robotics and Electronics Systems 

Advancements in robotics and electronics systems will enable exploration and 
conducting tasks that humans are either unable to perform or are too risky to 
perform. This includes exploration, assembly, construction, maintenance, and 
servicing tasks. Robots have been used in space for decades (e.g., Mars 
Exploration Rovers, the Rosetta space probe), but coupled with increasingly 
capable autonomous and intelligent systems, they allow for wider exploration and a 
reduction of cost and risk. 

NASA identified several robotics and autonomous systems needed by 2035 in its 
2015 technology roadmap. Additionally, the European Space Agency (ESA) has 
started to develop technology roadmaps through various European Commission 
funded projects such as PERASPERA and SpacePlan 2020 (SP2020). Other 
countries including Russia, China, India, and Japan have also announced individual 
robotic developments plans for future space missions. 

Robotics may face high investment and technological barriers; however, it also has 
potential technology overlap with other activities such as nuclear decommissioning, 
emergency services, deep mining, water utilities inspection/maintenance, 
agriculture, and emergency services.  

The effect of solar winds, extreme temperature fluctuations, and cosmic radiation on 
space electronics could mean that electronics designed for Earth may not 
necessarily be suitable for use in space. However, many electronics companies are 
developing technology to combat this. For example, radiation-hardened chips are 
being developed, which can also survive extreme temperatures. The technology 
has already been used to control SpaceX CRS-10 cargo resupply missions to the 
International Space Station (ISS). 

Figure 23. Evolution and Roadmap of Space Robotics and Autonomous Systems in Terms of Level of Onboard Autonomy 

 
Source: U.K. Robotics and Autonomous Systems (RAS) Network, Citi Research 

 

  



May 2022 Citi GPS: Global Perspectives & Solutions   

 

© 2022 Citigroup 

19 

Satellite Technology Continues to Improve 
New satellite technologies combined with better operating procedures that utilize 
cloud computing and Internet-of-Things (IoT) networks will amplify existing and 
foster new cases for satellites.  

Satellites have typically been large, often geostationary assets that enable a wide 
range of communications and intelligence outcomes. However, new technologies 
like infrared communication and synthetic aperture radar are enabling faster 
throughput speeds and better network load management in communications along 
with faster refresh rates and wider area monitoring in intelligence. Lower launch 
costs are also enabling satellite operators to pursue new methods of satellite 
deployment such as mega constellations of smaller, short-lived satellites in both 
communications and intelligence. 

These changes in technology and operating models enable several impacts that we 
view as key to expanding the space economy: (1) virtually global internet for a mix 
of broadband consumer, business-to-business, and IoT devices; (2) improved 
throughput speeds, especially in hard-to-reach places; and (3) persistent monitoring 
of commercial assets along with more transparent intelligence at the civilian levels. 
In short, fundamental improvement in the way we think about communication and 
intelligence data is likely to accelerate existing underlying economic trends in the 
digitalization and unity of the global economy. 

Figure 24. Starlink Stands Out as the Clearest Example of Mega 
Constellations Providing Increased Connectivity 

 Figure 25. OneWeb Continues to Make Progress on Its Own Plans for 
Coverage 

 

 

 
Source: space.com  Source: Airbus 
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Figure 26. Smaller Satellites Like Swarm Provide Internet-of-Things 
Capability 

 Figure 27. Other Operators Work to Better Enable Cell Phone-Based 
Internet Connectivity via Space 

 

 

 

Source: NASA  Source: AST SpaceMobile 

 
We also expect satellite data throughput and load management to improve over 
time as companies utilize “shorter” areas of the electromagnetic spectrum, such as 
infrared. As an example of throughput, NASA’s 2013 Lunar Laser Communication 
Demonstration was able to achieve 622 megabits per second (mbps) with a 
spacecraft 239,000 miles away. We have also seen companies implement electro-
optical/infrared (EO/IR) technology across a host of commercial and government 
projects such as Starlink and NASA’s Psyche mission. In terms of current impacts, 
EO/IR links look to improve load management for projects, where low atmospheric 
disturbance limits connectivity issues. Longer term, we expect lower costs, 
algorithmic improvement, and other operational adjustments to increasingly drive 
commercial use cases. 

Figure 28. EO/IR Links Are Allowing Mega Constellations to Drive Better 
Near-Term Load Management with Potentially Better Data Throughput 
Longer Term 

 Figure 29. NASA’s Implementation of EO/IR Communications Traces 
Back to 2013 and Are Seeing Increased Usage on Missions Like Psyche 
and Artemis 

 

 

 
Source: Laser Focus World  Source:, NASA 
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Figure 30. Lower-Cost Constellations Offer Improved Refresh Rates at 
the Expense of Reduced Coverage Area and Image Quality 

 Figure 31. Companies Are Investing in Earth Imagery Analysis 
Programs to Deliver Complete Analyses to the Customer 

 

 

 

Source: Planet  Source: GW Prime 

 
Additionally, improvements in Satellite Navigation (SatNav) systems, such as GPS 
(Global Positioning System), may not be as noticeable, but will profoundly change 
the way companies do business. These systems allow small electronic receivers to 
precisely (within a few centimeters to meters) determine their location (longitude, 
latitude, and altitude/elevation) using time signals transmitted by radio waves from 
satellites along a line of sight. The systems have a wide range of uses spanning 
from the military (the original motivation of GPS) to navigation in cars, phones, and 
watches.  

Currently, there are only four fully-operational Global Satellite Navigation systems in 
operation: the U.S.’s Global Positioning Systems (GPS), Russia’s Global Navigation 
Satellite System (GLONASS), China’s BeiDou Navigation Satellite System (BDS), 
and the European Union’s Galileo. Japan plans to have the Quasi-Zenith Satellite 
System (QZSS), a GPS augmentation system (to enhance the accuracy), by 2023, 
while India plans to expand the Indian Regional Navigation Satellite System (IRNSS 
or NavIC) to global in the long term (currently only regional). 

Current standards of GPS offer up to ~3 meters horizontal geolocation accuracy 
and up to ~5 meters vertical accuracy. This compares to new constellations such as 
GPS-III, which are expected to be three times more accurate, i.e., up to ~1 meter 
horizontal and up to ~3 meters vertical accuracy, in addition to having a more 
powerful signal and interoperability with other global satellite navigation systems. 
Besides being incredibly useful for military operations, it also means more accurate 
and reliable navigation for uses such as responding to emergencies (e.g., predicting 
weather or finding crash sites), entertainment (e.g., games), health/fitness (e.g., 
smartwatches or wearable technology), construction and mining (e.g., locating 
equipment or improving asset allocation), and transportation (e.g., tracking planes 
or for use in autonomous vehicles). 
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Space Economy to Be Worth >$1 
Trillion by 2040 
We estimate the space economy will be worth over $1 trillion in annual sales by 
2040 from ~$370 billion in 2020, growing at a ~5% compound annual growth rate 
(CAGR). We forecast strong growth across the satellite industry, government space 
budgets, and a flurry of new applications and industries. 

Figure 32. Our Forecast of the Space Economy up to 2040  Figure 33. Our 2040 Forecast of the Space Economy 

 

 

 

Source: Citi Research, Satellite Industry Association (2016-20)  Source: Citi Research (2040), Satellite Industry Association (2020) 

 
Pricing is a key enabler. It is easy to reach very high Total Addressable Market 
(TAM) values by multiplying the increasing number of uses by current prices. 
However, we believe many of the potential uses require lower prices, which 
dramatically reduces market value growth. This means a wider spread of potential 
market values for higher-growth areas such as broadband, mobile connectivity, 
Earth observation, ground Global Navigation Satellite System (GNSS) equipment, 
and all of the newer applications and industries. 

Figure 34. Typical Exponential Decay Curve of Usage vs. Cost 

 
Source: Citi Research 
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Within satellites, we estimate compound annual growth of 6% to 7% from 2020 to 
2040 in satellite manufacturing, launch services, and ground equipment markets, 
which more than offsets the lower growth in satellite services (~1% CAGR). 

 Satellite Manufacturing and Launch Services: We estimate the number of 
satellites produced and the number of launches to go up strongly (~13-14% 
CAGR), driven by higher demand and wider use cases. At the same time, we 
forecast the price to manufacture and launch satellites to fall by ~7% CAGR over 
the period, resulting in an overall compound annual growth rate of 6-7%.  

 Ground Equipment: We forecast that strong growth in GNSS satellite-enabled 
smartphones will be somewhat offset by lower network equipment cost and the 
shift away from traditional video viewing devices, giving an overall CAGR of 6-7% 
over the period. 

 Satellite Services: We forecast a CAGR of only ~1% in satellite services, with 
some notable shifts in satellite services demand, which we discuss later in this 
report. Notably, we forecast a secular shift in demand away from traditional 
applications, such as video broadcast, towards a broader range of applications 
such as consumer broadband, mobility (aerospace and maritime), and enterprise 
networks, particularly with the expansion of on-demand services and the Internet-
of-Things. 

We forecast that the highest growth in the market will be from new space 
applications and industries, which will be unlocked as the industry becomes more 
affordable, accessibility becomes more widespread, and technology improves. This 
includes areas such as space-based solar power, Moon/asteroid mining, space 
logistics/cargo, space tourism, inter-city rocket travel, and microgravity R&D and 
construction. We explore these and our assumptions in more detail later in this 
report.  

However, we should stress that it is extremely difficult to value areas where there 
are no established markets, data points, or even adjacent markets to look at. A 
similar analogy would be attempting to forecast the value of the internet today 
versus nearly 20 years ago when the term “smartphone” was relatively unknown 
and before broadband replaced dial-up internet connections.  

Different to some market forecasts, we believe a narrower definition is ultimately 
more realistic and credible, and only include industries that are a direct result of the 
accessibility of space for our market value forecast. For example, we do not include 
the global financial system, which is dependent on Global Positioning System 
(GPS), the entirety of the internet sector, or the value of social media. 
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Figure 35. Satellite Industry Forecast  Figure 36. New Applications and Industries Forecast 

 

 

 
Source: Citi Research  Source: Citi Research 

 
Figure 37. Satellite Services Forecast  Figure 38. Ground Equipment Forecast 

 

 

 

Source: Citi Research  Source: Citi Research 

 
Attractiveness of Each Industry in the Space Ecosystem 

In Figure 39, we explore each industry in the space ecosystem to determine the 
overall attractiveness of the market, taking into account our growth forecast, current 
and forecast margin levels (on a scale from $ to $$$), and barriers to entry. 

We make some key observations: 

 Although we believe the launch services industry is only marginally attractive, 
many companies are using it as a means to gain scale and move up the learning 
curve, in order to enable expansion in other areas within the space ecosystem.  

 We see a strong contrast among various end-markets within satellite services, 
which we expand on further in the report. 
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Figure 39. Attractiveness and Forecasts for Each Industry in the Space Ecosystem 

 
Source: Citi Research 

 

Figure 40. Overall Attractiveness of Each Industry in the Space Ecosystem 

 
Source: Citi Research 
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Challenges for Space to Overcome 

 High Capital Expenditures and Long Payback: The capital expenditure 
(capex) required for space projects can be significant and the payback time quite 
long with space projects having a track-record of delays. As a result, government 
organizations (e.g., European Space Agency or ESA, NASA) or private-equity 
companies and high-net worth individuals have typically played a large role in 
providing capital for commercial space. This includes projects such as the 
International Space Station (launched in 1998), which was the single most 
expensive structure ever built, at $150 billion, and is due to retire potentially 
around 2030.  

 Perception: Space cannot be seen as a mere hobby for billionaires, especially 
amid difficult times when problems on Earth are urgent. It needs to gain public 
acceptance before it can be adopted across various industries. These concerns 
frequently make their way into the spotlight notably every time a space launch 
gets significant media attention, such as recent spaceflights by Richard Branson 
(Virgin Galactic) and Jeff Bezos (Blue Origin). 

 Failed Launches and Accidents: Since the launch of the first satellite in space 
(Sputnik 1 in 1957) to 2020, we estimate a total launch failure rate of ~8%. This 
reduces to ~6% if we look at launches just over the last 20 years. However, the 
failure rate is much lower for manned launches — at under 2%, or 1 in 50 
launches. This is still far too high for space passenger flights (commercial 
aviation engines have failures approximately once in every million flights, or 
0.0001%). Additionally, space accidents can often be much more catastrophic 
and involve the loss of life. Given the complexity involved (it is rocket science), 
longevity does not necessarily preclude an accident. For example, the Columbia 
disaster in 2003, in which seven astronaut lives were lost, was on the 118th 
shuttle mission. 

Figure 41. Unmanned and Manned Space Launches: Successes vs. Failures 

 
Source: Citi Research, Space Launch Report 

 
 Skill/Training and Risks: The skills and expertise needed in “rocket science” are 

incredibly specialist and complicated. Additionally, astronauts need to undergo 
extensive training — typically between five and eight years for a 10-14 day 
mission — which includes G-force (gravitational acceleration) training and 12-
meter dives (to simulate weightlessness). Additionally, astronauts’ bodies and 
mental states undergo immense stress in training, lift-off/reentry, and during 
continued exposure to space.   
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For example, an astronaut experiences a G-force of ~3G (i.e., equivalent to 
around three times the force of gravity on Earth) during lift-off for several minutes 
(versus up to 5G instant force on a rollercoaster or up to 9G in a fighter jet), while 
continued exposure to the radiation in space can increase the risk of cancer, 
damage the central nervous system, alter cognitive function, reduce motor 
function, and prompt behavioral changes. There could also be a psychological 
and physical impact on health and sleep from long periods of isolation and 
confinement in a closed and potentially hostile living environment. All of this risk 
can be detrimental to both the astronaut and to the crew. 

 Regulation: The United Nation’s 1967 Outer Space Treaty has been the 
foundation for international space law, but it is dated and makes little reference to 
commercial space activities, such as private companies setting up mining 
operations in space. In November 2021, the UN approved a resolution to create 
an open-ended working group to meet biannually in both 2022 and 2023, tasked 
to assess current and future threats to space operations, including making 
recommendations on possible norms, rules and principles of responsible 
behaviors, and a treaty to prevent an arms race in space. 

 Space Debris/Junk/Congestion: Space debris, created predominantly from 
human activity in space, is a rapidly growing threat to satellites in orbit, future 
launches, and the expansion of opportunities across the space ecosystem. This 
includes derelict spacecraft parts, abandoned launch vehicles stages, parts 
resulting from collision or erosion, solidified liquids expelled from spacecraft, and 
unburned particles from rocket motors. As of October 2019, NASA reported 
nearly 20,000 artificial objects in orbit above the Earth, including 2,218 
operational satellites. But these are just the objects large enough to be tracked. 
Some estimate suggested there are 128 million pieces of debris smaller than 1 
centimeter. This increase the risk of the “Kessler Syndrome” becoming a reality 
— the idea that space junk in orbit around the earth, with no air resistance to 
slow it down, will reach a saturation point where it simply collides with other 
space junk and fragments into smaller pieces, until it eventually creates a debris 
field that stops any new satellites from being launched. The current and projected 
rapid increase in number of satellites (and debris) in the “commons” of low Earth 
orbit will also negatively impact ground-based astronomy, and could trigger 
negative public perceptions as the night sky becomes more light-polluted. 
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Figure 42. Number of Objects Launched Into Space (Satellites, Rocket Bodies, and Launch 
Vehicles) and Estimated Amount of Debris Accumulated 

 
Source: NASA Office of Inspector General 
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Investor Flows Continue to Grow  
Space investment has in the past been dominated by government agencies and the 
wealthiest nations. With the growing number of applications/use cases, mounting 
media attention (helped by SpaceX, Blue Origin, and Virgin Galactic to name a few), 
increased knowledge/expertise and the sheer speed of development, we are seeing 
more private funding into the space ecosystem, beyond prominent billionaires.  

Venture Capital Is the Largest Source of Investment 

Given the nascent stage of many commercial space companies, venture capital 
(VC) has been a significant portion of non-government investment in space. There 
has been about $24 billion of commercial private investment in space over the last 
decade, of which ~80% came from venture capital. 

Over the past decade, there has been a steady increase in the number of VC 
investments — 33% compound annual growth (CAGR) over the period —— 
particularly for early-stage and late-stage VC investments. The value of total VC 
investment has grown considerably faster — at a CAGR or around 64% over the 
period — albeit a bit volatile, with ~75% of the total value of VC capital invested in 
the space industry ever flowing just over the last four years. 

One drive of this investment growth has been the growing awareness of the 
potentially significant impact from lower launch costs on space accessibility. These 
favorable costs were highlighted by SpaceX’s Falcon 9 launch in 2015 and Rocket 
Lab’s launch in 2018 from a privately owned and operated spaceport. 

Figure 43. Number of Space Investments by VC Investors Split by 
Investment Stage 

 Figure 44. Value of Space Investments by VC Investors Split by 
Investment Stage 

 

 

 
Source: PitchBook Data, Inc., Citi Global Insights  Source: PitchBook Data, Inc., Citi Global Insights 

 
The significant increase in the value of late-stage VC investment has also meant 
that median deal has continued to step-up and is currently at ~$20 million for late-
stage VC, ~$10 million for early-stage VC, and ~$2 million for angel and seed 
capital. The higher average (mean) of ~$60 million for late-stage VC, ~$50 million 
for early-stage VC, and ~$2 million for angel and seed capital, shows the effect of 
larger deal sizes, particularly with late-stage venture capital. 
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Figure 45. Mean Investment Size Split by Investment Stage  Figure 46. Median Investment Size Split by Investment Stage 

 

 

 
Source: PitchBook Data, Inc., Citi Global Insights  Source: PitchBook Data, Inc., Citi Global Insights 

 
Regionally, ~80% of global venture capital investments (by value) in space over the 
last decade has gone into North American-based space companies and ~10% into 
European-based space companies. Given North America only made up 50% of the 
total number of VC investment globally in that time period, the region has seen 
higher investment per deal than other regions. One notable regional trend has been 
the rise of Asia, which over the past five years has received ~20% of global VC 
space investment, up from zero in 2010 and overtaking Europe. With China’s 
ambitions to operate its first space station in the next few years (currently under 
construction in-orbit with several more module launches planned in 2022) and an 
aim to land astronauts on the Moon by 2025, we expect that this trend will continue 
to grow. 

Figure 47. Number of Space VC Investments by Region  Figure 48. Value of Space VC Investments by Region 

 

 

 
Source: PitchBook Data, Inc., Citi Global Insights   Source: PitchBook Data, Inc., Citi Global Insights 

 
Looking at the list of specific venture capitalists, a significant portion of capital is 
coming from specialist investors such as Space Angels and Seraphim. Additionally, 
we can also see some existing incumbents from the aerospace and defense sectors 
investing in private companies, including through their VC arms. 
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Figure 49. Top VC Investors in Space Tech (2016 to June 2021) 

 
Source: PitchBook Data, Inc. 

 
Launch Vehicles, Technology, and Satellites Have Been the Focus 

Out of the ~$24 billion of commercial private investment (e.g., venture capital, 
private equity) in space over the last decade, we estimate that the largest portion 
went into space launch vehicles, followed by technology services and satellite 
communication services. Investment in each of these segments has been highly 
concentrated, with the majority of investment going to five or less companies. 

Investor Deal Count Type of Investor
Space Angels 31 Angel Group

Hemisphere Ventures 19 Venture Capital

Seraphim Space Fund 19 Accelerator/Incubator

Airbus Ventures 12 Corporate Venture Capital

Marc Bell Capital 12 Venture Capital

Space Capital 10 Venture Capital

Boeing Horizon X 9 Corporate Venture Capital

Starbridge Venture Capital 9 Venture Capital

Lux Capital 8 Venture Capital

Noosphere 7 Corporate Venture Capital
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Figure 50. Split of Private Investment in Space by Sub-Segment and Top-5 Investments in Each Sub-Segment  

 
Note: Up to November 2021 
Source: PitchBook Data, Inc., Citi Global Insights 
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Interview with Simon Drake 
MD/Partner, Space Ventures Investors 
Space Ventures Investors (SVI) supports innovative, early-stage, and growth-stage 
companies operating in the space ecosystem in Europe. 

Q: Investments in space continue to reach record levels. Why has space 
become such a focus for investors over the last few years? 

A: Investment in space has reached a new level because it is such an obvious new 
market, but there are a few caveats — who is investing and into what and where? 

There is a wave of non-sophisticated investors who want to be part of the SpaceX 
story (which has received the great majority of investment) and special purpose 
acquisition companies (SPACs) have enabled retail investors to get onboard smaller 
and equally ambitious enterprises. Yet understanding the dynamics of end-market 
future demand, plus the physical complexities, is not on the radar of many investors. 
There are still many unknowns. We are witnessing a wave of investing. Space is 
transitioning from an alternative to a technology class. There is a geopolitical 
preference too; the U.S. has a well-oiled capital-raising process, Europe not so 
much.  

Also, on the other side of the equation are small teams, prolific inventors, solving 
complex space problems, but their need for capital is overshadowed by the high-
profile and well-publicized players. They are not really in focus, but that’s the reality 
of being an inventor, and therein lies the real excitement: There is no “next SpaceX” 
— that’s been done. But there is a rush for the Moon.  

Q: What areas within the broader space economy are you most excited about, 
ranging from the more near-term opportunities to the more nascent 
applications? 

A: To define “excited,” I have to define “not excited.”  

For example, the Bezos Blue Origin space trip goes to the upper atmosphere, for 
the equivalent of a cigarette break with a high-net worth view, and back down again. 
SpaceX, by far the largest benefactor of space funding, is fulfilling a (arguably 
government contractor) transport role to mostly low-Earth orbit; they’re not pushing 
the physical boundaries of space that far. Both are high-profile companies playing 
on innovation in areas that have already been physically conquered, and as 
businesses they have every right to celebrate their success. 

In contrast, space agencies carry out high-budget, far-reaching missions, that push 
the limits of engineering. For example, Japan’s Hayabusa2, launched in 2014, was 
sent to an asteroid named Ryugu to collect samples of rocks from the object’s 
surface and bring them back to Earth.  

The long-term goal of mining the Moon and asteroids will herald the greatest 
industrial and societal revolution. International wealth brings geopolitical happiness. 
So I am “excited” about real wealth-generating opportunities, and that includes 
exploring and extracting resources from the Moon. The asteroids are for the next 
generation. Now the fun begins: There are few pension-fund mandates to mine the 
Moon, so a commercial entity has to engage with risk-tolerant investors, and 
engineer a new value chain. That’s exciting. 

 
 

Simon Drake 
MD/Partner 
Space Ventures Investors 
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Q: What do you need to see before investment flows start to move 
significantly into the longer-term opportunities (e.g., space manufacturing, 
space-based solar power, etc.)? 

A: There needs to be a shift in mentality from bowing to paper valuations and 
rhetoric to actual physical value. For example, Uber Eats has a valuation in the 
billions, but it is just a last-few-miles food delivery service, all thanks to an “app” 
(code) and low-paid drivers. This business model is thousands of years old. It has 
no capacity to alter history. Building a company to travel the million miles and back 
(including transfer orbits) to extract rare-earth metals from the Moon has limited 
chance to raise the required capital because everything else seems a better offer. 
But this too shall pass.  

Once the current euphoria over valuations — all-things-digital, all-things-climate-
saving — fold into themselves, astute investors will want tangible value. My role is 
to preempt and provide that, and communicate the stepped-up approach: if you 
have mining in space, you have manufacturing; if you want energy, you need 
massive solar panels and nuclear. In summary, investment will flow to great ideas, 
but sometimes it get side-tracked. All the space investors I’ve met are in it for the 
long term, but we just need more of them. 



May 2022 Citi GPS: Global Perspectives & Solutions   

 

© 2022 Citigroup 

35 

Existing Applications: Paradigm 
Shift in Satellite Services  
The satellite market currently makes up the largest value in space (over 70%), with 
~$270 billion in annual sales. Satellite services represents almost half of this, which 
we expect to remain largely stable over the next 20 years, with cheaper launch 
costs and better technology accelerating the secular shift in the satellite services 
market that we have already started to witness. 

Demand Shift from Traditional to More Applications 

The satellite market is undergoing a paradigm shift in demand, away from traditional 
applications such as video broadcast, towards a broader range of applications such 
as consumer broadband, mobile connectivity (aerospace and maritime), and 
enterprise networks, particularly with the expansion of on-demand services and the 
Internet-of-Things. We believe this will be accelerated by greater accessibility to 
space and with the expansion of SpaceX’s Starlink and Blue Origin’s Project Kuiper, 
which both aim to provide low-latency, high-speed broadband internet connectivity 
around the world, including to unserved and underserved communities. 

We forecast the following within satellite services:  

 Television: Declines will be driven by the transition to on-demand video from 
traditional/linear TV.  

 Satellite Radio: Strong auto demand will offset weakness in traditional radio. We 
estimate this will be a strong driver of overall satellite growth. 

 Fixed Line: Flat growth, with declines in traditional fixed line helped by fiber and 
growing internal networks for businesses. 

 Mobile Connectivity: Growth will be driven by the increasing share in connected 
aircraft and maritime.  

 Earth Observation/Space Data as a Service: Strong growth will be driven by 
modest growth from environmental, social, and governance (ESG) and weather 
monitoring, and much stronger growth from the expansion of the Software-as-a-
Service (SaaS) models for space data given the increasing number of 
applications, such as autonomous navigation (auto, cargo drones, and urban air 
mobility). We estimate this will contribute around one-fifth of the satellite 
compound annual growth over the period. 

 Broadband: One of the fastest-growing segments in satellite services, driven by 
increasing global access (we estimate that access to the internet grows to ~80% 
of the world by 2040 from ~60% currently); the growing number of connected 
devices per person; faster internet speeds; and increasing data use, particularly 
for on-demand video.  
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Figure 51. Satellite Services Forecast to 2040  Figure 52. Satellite Services Forecast to 2040 

 

 

 

Source: Citi Research, Satellite Industry Association (2016-20)  Source: Citi Research, Satellite Industry Association (2020) 

 
Wider Variety of Satellites Are Needed to Meet Demand Shift 

Satellites are a highly effective way to enable communication and broadband as a 
satellite (depending on its elevation) can cover thousands of square kilometers 
versus one cellular antenna on the surface covering only a few square kilometers. 
However, bandwidth needs and latency requirements in the past and until now were 
modest. Increasing e-commerce, mobile usage, social media activity, online games, 
and video on-demand have all meant that the bandwidth needs are expanding 
rapidly and consumer latency expectations have risen significantly.  

The commercial satellite market used to be dominated by geostationary (GEO) 
satellites. The paradigm shift in demand requires a wider variety of satellite types — 
GEO satellites (typically 3-4 tons), MEO (medium Earth orbit) satellites, and LEO 
(low Earth orbit) satellites (100kg-500kg). Over the last few years, we have also 
seen a revolution in satellite technology, including the development of 
reprogrammable satellites (which can be adjusted in orbit via software); high/very 
high throughput satellites; and the development of smaller satellites such as 
MicroSats (11kg to 200kg), NanoSats (1kg to 10kg), and Femto/PicoSats (<1kg). 

The higher elevation of GEO satellites means a coverage area that is ~2.7 wider 
than a LEO satellite and also more LEO satellites (a constellation) are required to 
have constant coverage, since LEO satellites’ orbit is such that they move 
geographically across locations on the Earth’s surface, while a GEO satellite orbits 
such that it remains at a fixed point in space when viewed from the Earth’s surface 
(i.e. orbiting in time with the planetary rotation). About 15 LEO satellites are required 
to cover the whole Earth versus three GEO satellites. However, the key benefit to 
LEO satellites is they have ~10x lower latency (i.e., communication time lag) — the 
typical latency of a GEO satellite is ~200-400 milliseconds versus ~20-40 
milliseconds for a LEO satellite. 
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Figure 53. GEO vs. MEO vs. LEO Satellites  Figure 54. Attributes of GEO, MEO, LEO, and Terrestrial Networks 

 

 

 

Source: Arthur D. Little  Source: Citi Research 

 
This is not the first time companies have looked at launching a multitude of LEO 
satellites. Several players in the 1990s, including Globalstar, Iridium, Odyssey, and 
Teledesic, planned to provide global connectivity, but either scaled back or 
cancelled due to high costs and limited demand.  

However, we believe that we are in a very different situation today. Declining launch 
costs and smaller, more capable satellites mean that clusters can be put in one 
launch vehicle, significantly speeding up the time to build a functioning constellation 
as well as reducing cost. Additionally, LEO satellite technology has advanced 
significantly since the 1990s (e.g., new high-throughput and reconfigurable 
designs), demand for bandwidth has soared, and companies have developed 
creative business models to generate profits from connectivity.  

If current satellite internet proposals become reality, ~50,000 active satellites will 
orbit overhead over the next 10 years versus ~2,700 satellites currently in 
operation, with the majority of these being LEO satellites for broadband.  

Given that these LEO projects are being carried out largely by new players rather 
than the traditional GEO operators, the mass deployment of LEO satellites could be 
a potential disrupter to the incumbents, particularly given the potential to drastically 
reduce the cost to deliver high-speed internet (e.g., 1 gigabytes per second). 
However, traditional operators have been fighting back with more attractive prices 
and their own technology improvements such as high-throughput (HTS) and 
reconfigurable satellites. 

5G: Likely Complementary Rather Than a Threat 

The expansion of terrestrial communication through 5G could be a threat to both 
LEO and GEO satellites. Even if the new LEO constellations can decrease the cost 
of high-speed broadband significantly, it will unlikely be able to compete with a 
terrestrial network where fixed infrastructure is already in place. 

However, we believe the two will be complementary and satellites will be used for 
backhauling to bridge the connectivity gap. This means that a 5G device will switch 
to any satellite connectivity available once connection with terrestrial infrastructure 
is lost, which will allow for persistent coverage. The most recent release of the 5G 
standard by 3GPP (released March 17, 2022) included satellite standards for 5G 
which detail hybrid terrestrial and satellite networks for IoT/B2B use cases. 
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New Business Models for Satellite Makers and Operators  

Most of the large existing companies in the space industry are in the GEO and LEO 
area. This shift towards a mix of satellite types can have quite a profound impact to 
the business models for the existing original equipment manufacturers including: 

 Lower pricing as the price is roughly correlated to the weight of the satellite. 

 Larger number of satellites per launch as these are typically launched in swarms 
to form a constellation, so a manufacturer can benefit from moving down the 
cost-curve. 

 Larger production volumes moving from bespoke build towards mass production. 

 Shorter replacement cycles as smaller satellites tend to have shorter lives (e.g., 
typically ~1-2 years for smaller sets versus ~5 years and ~15 years for LEO- and 
GEO-satellites, respectively). However, this also means the business is less 
“sticky” as each replacement will likely have a new tender. 

 Disruption from new entrants in smaller satellites where there are relatively lower 
barriers to entry and lower investment costs. 

The variety of uses and types of satellites means a shift in the way operators 
generate revenues. In the 1990s, when the previous expansion of LEO satellites fell 
short, most companies were relying on revenues from service fees for bandwidth 
based on usage. However, today there would be little uptake for such plans, as is 
clear from the mobile-phone industry, where unlimited plans have gained significant 
popularity. This has led to new ways for telecom operators to generate revenues in 
new ways, including:  

 Original Content Production: Traditional telecom/broadband players such as 
AT&T and Time Warner are using acquisitions to bring content development and 
distribution in-house to generate revenues from connectivity. Companies like 
Amazon and Netflix that started as distributors are also now making significant 
investments in original content as a source of revenue. 

 Advertising: Offering space for paid advertising and charging for premium 
placement.  

 Bundled Services: Offering bundles that include connectivity to increase 
revenues elsewhere, such as a phone network that offers free internet 
connectivity. This could also be a means to rapidly attain scale and then later 
shift the focus to revenues and profits (a typical internet business model). This is 
likely to be the most significant new driver of revenues for satellites in the future. 
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An Interview with Scott Wisniewski 
EVP/Chief Strategy Officer, AST SpaceMobile 
AST SpaceMobile is building the first space-based cellular broadband network 
designed to be accessible directly by standard mobile phones. Mr. Wisniewski 
oversees corporate development, treasury, investor relations, and public relations 
for AST SpaceMobile. 

Q: How is AST planning to use satellite technology to participate in the global 
market for communications? 

A: Foundational to AST SpaceMobile's technology solution is a planned cellular 
broadband network in space that would look and feel like a cellular network to 
ordinary, off-the-shelf mobile phones and other cellular-compatible devices. Our 
planned low-Earth orbit satellites, called BlueBirds, are being designed to leverage 
cellular spectrum already licensed by mobile network operators (MNOs) and 
connect directly to the more than 5 billion mobile phones in use today. This differs 
from existing satellite connectivity solutions, which require that users buy either a 
specialized phone or antenna dish. We had to reimagine existing satellite 
technology to design a much lower-friction experience for today’s cellular user. 

Q: What are the advantages of space-based cellular broadband connectivity 
over terrestrial options for mobility use cases? What are the current 
connectivity options that your solution augments or replaces? 

A: Demand for mobile connectivity increases every year, both in terms of 
throughput and coverage. Meanwhile, at any moment, hundreds of millions of 
mobile phone users leave cell site coverage areas as they live, work, and travel. 
Satellite technology can provide ubiquitous coverage where traditional wireless 
networks can't, especially in regions where geography presents extreme challenges 
to building out the ground infrastructure normally required to deliver 2G, 3G, 4G 
LTE, 5G, and IoT services.  

Q: Can you discuss the total addressable market (TAM) for your solution and 
the customer verticals that you’re targeting?  

A: The wireless services market globally has over $1 trillion of annual revenue, and 
we believe we can address portions of this market. As part of working to break into 
these markets, we have secured more than 20 agreements and understandings 
with mobile network operators, which gives us potential access to over 1.8 billion 
mobile customers. We expect our service will be attractive to those users who live, 
work, and travel in and out of terrestrial cellular coverage, as well as those in rural 
areas. According to GSMA data, approximately half of the world’s population does 
not have cellular broadband, and nearly half a billion people have no cellular 
coverage at all. Ultimately, SpaceMobile network is planned to be a mass-market 
consumer offering through MNOs, targeting consumers who increasingly prioritize 
connectivity above other household purchases. 

Q: Is your solution a competitor or complement for existing mobile network 
operators? What is your go-to-market strategy?  

A: Our differentiated approach is designed to complement and enhance existing 
terrestrial cellular coverage and help people stay connected, including during 
natural disasters. This is why we're working with leading MNOs including Vodafone, 
to bolster their existing coverage and provide improved service to their subscribers. 

 

Scott Wisniewski 
EVP/Chief Strategy Officer 
AST SpaceMobile 
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The business model anticipates a revenue share with the MNO, which would bring 
their customer and spectrum alongside our network to mutual benefit. 

AST SpaceMobile's planned network is being designed to connect directly with 
today's mobile phone with no software or hardware changes to the phone, reducing 
the friction for service adoption. Users could potentially use our service through a 
day pass or monthly recurring service, with a line-item charge added to their bills.  

Q: Are there opportunities to augment the performance and capabilities of 
your solution over time?  

A: We plan to take a staged approach to deploying the SpaceMobile network. With 
20 satellites, we expect to cover the equatorial region that includes 49 countries, 
where about 1.6 billion people live. With a total of 110 satellites, we would be able to 
provide substantial global coverage. A final phase of 58 satellites would enable us to 
add Multiple-Input Multiple-Output (MIMO) capability to our architecture and 
significantly improve throughput and coverage. With a low-Earth orbit network, we 
have the flexibility to launch additional satellites to address increased demand or 
next-generation cellular standards. 

Q: What are the next steps and milestones to commercialize your solutions?  

A: Today we're planning for the launch of our test satellite, BlueWalker 3, which 
would complete the initial development phase of our company. In tandem, we're 
working to industrialize our manufacturing and are targeting the production of up to 
six BlueBird satellites per month out of our two Texas manufacturing sites. On the 
business side, we continue to seek agreements and understandings with MNOs 
globally to expand the potential reach for our planned service. Lastly, despite it 
being early days on the regulatory front, we remain active globally, both 
independently and together with the MNOs, targeting approvals for testing and 
commercial service beyond our initial regulatory approvals for use of the V Band 
and 3GPP frequencies in six countries. 

Q: What are the opportunities to leverage your satellite-based solution for 
B2B and IoT applications?  

A: Our largest business opportunity is to address the $1 trillion global wireless 
services market to provide connectivity to the existing five billion phones when they 
don't have access to terrestrial networks. But our network is designed to work with 
all devices that are 3GPP-compliant. This means IoT devices and other devices that 
work with terrestrial cellular infrastructure should be compatible with our planned 
network. However, our technology is designed to be flexible, and we anticipate 
potential markets and use cases could be offered to users through MNOs. Global 
crises and natural disasters continue to highlight the criticality of resilient and 
flexible communications networks.  

Q: Does AST have unique and sustainable competitive advantages over other 
possible solutions?  

A: The basis of our competitive advantage is that our approach solves a different 
problem than existing technologies. Terrestrial networks tend to be focused on 
throughput and density over geographic coverage, certainly at the edge of 
networks, whereas satellite networks are increasingly being used to support cellular 
backhaul. Our proprietary technology is supported by over 2,100 patent and patent-
pending claims. We also design and produce our satellites, which allows us the 
benefit of vertical integration, while also taking advantage of mass production to 
lower costs at scale.  
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Q: What have been the most important developments that have created the 
commercial opportunity for AST (e.g., technology, industry standards, 
proprietary solutions, changes in satellite construction costs, changes in 
launch costs, or other factors)? 

A: To answer the challenge of satellite direct-to-phone cellular connectivity with no 
modifications to handsets, we had to develop a new type of satellite: one large 
enough to connect with phones hundreds of miles away, yet launchable to low-Earth 
orbit. Our BlueWalker 3 test satellite incorporates a 693-square-foot phased array 
that can be stowed for launch and deployed in space. We plan to launch out of 
Cape Canaveral this summer. Numerous industry advancements — including 
reduced launch costs, advances in mobile network infrastructure, miniaturization of 
electronics, and the emergence of low-Earth orbit networks — have all helped to 
create an opportune moment to pursue building the world's first space-based 
cellular broadband network. 
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Earth Observation: Big Data and 
ESG  
Earth observation represents ~2% (or $2.6 billion) of the space economy and has 
historically been dominated by forecasting weather and natural disasters, in addition 
to monitoring biodiversity, wildlife, natural resources, and land-use change — 
specifically deforestation with platforms such as the World Resources Institute 
(WRI) and Global Forest Watch.   

The increase/advancements in smaller satellite launches; better analysis tools for 
large amounts of data; growing range of applications (e.g., autonomous navigation 
used in auto, cargo drones, and urban air mobility); and the use of satellite imagery 
to tackle greenhouse gas (GHG) emissions, deforestation, and biodiversity loss, has 
led to the emergence of “Space-as-a-Service” business models. These companies 
are able to facilitate access to more sophisticated remote sensing data than purely 
images, without needing to build or buy the infrastructure.  

We forecast this will result in an expansion of the Earth Observation market to being 
more data-driven, resulting in a compound annual growth rate of ~10% from 2020 to 
2040, to be worth ~$17 billion in annual sales by 2040.  

Emergence of New Business Models and Companies 
The technology sector has undergone a revolution over the last decade towards 
cloud-based software licensing and subscription (Software-as-a-Service or SaaS). 
McKinsey estimates that SaaS currently accounts for ~75% of all enterprise-
software revenue from 6% in 2010. We are starting to see similar business models 
being adopted by the space industry, including “Space Data-as-a-Service,” 
“Satellite-as-a-Service,” “Ground Station-as-a-Service,” and in the future “Space 
Station-as-a-Service.”  

To meet increasing demand, we are seeing some existing image-driven Earth 
observation companies expand into data-driven solutions (e.g., Planet Labs, Orbital 
Insight), as well as seeing new entrants (e.g., Spire, Kleos Space) and companies 
expanding offerings from parallel markets (e.g., Microsoft Azure Orbital or Amazon’s 
AWS Ground Station). Many of these offer either some of the whole of the data 
chain — from data acquisition and analysis to curation and storage.   

Space Data-as-a-Service 

With the increasingly usefulness of gathering more data in existing applications 
(e.g., agriculture) and the creation of new applications, in addition to the 
technological breakthroughs in data analysis and management tools, we believe 
that big data will be a revolution in Earth Observation. The key drivers for the 
emergence of space-as-a-service companies are: 

 Access to space requires high investment (capital expenditure), particularly with 
the need to build scale for favorable launch prices, in addition to the costs of any 
ongoing modifications/enhancements. The shift to a subscription model allows for 
a much lower overall investment and allows the user to spread the cost as an 
operating expense. 

 Although launching a satellite is becoming cheaper, creating space technology 
and operations that are de-risked on demand is still very difficult and requires 
significant expertise. 
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 Demand from an increasing number of uses beyond just images, such as 
intelligence to support decision making (e.g., autonomous navigation). 

 Improving tools and expertise in handling and storing large amounts of data. 

 Reduced latency time between data collection and distribution. 

There are a multitude of cases where data from space would be useful (aside from 
military applications) ranging from weather, aviation, maritime, security, insurance, 
financial services, and navigation. 

Figure 55. List of Uses for Data from Space (Aside from Military Applications) 

 
Source: Citi Research 
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Advancements in technology have also meant that many satellites now have 
software-designed architecture, which means that the use of the satellites can be 
repurposed on-orbit. This provides a cost-effective way to test early applications 
and also means that new uses can be deployed quickly (<1 month versus six 
months to deploy new hardware). 

Figure 56. LeoLabs Can Track Space Debris and Other Satellites to 
Warn of Any Collision Risk 

 Figure 57. Spire’s Offering Includes the Entire Data Chain — Data 
Collection from Its LEMUR Constellation to Data Storage and Analysis 

 

 

 

Source: LeoLabs (https://leolabs.space)  Source: Spire 

 
Ground Station-as-a-Service  

With the emergence of new technologies and applications, it will become 
increasingly challenging to deal with the sheer volume, diversity, and flow of data. 
The European Space Agency’s Copernicus’ satellite Sentinel 1 provides around 
three terabytes of data per day and one petabyte per year — companies are not 
used to dealing with such a large volume of data. Ground station-as-a-service helps 
companies control, communicate, and obtain data from orbiting satellites without 
having to buy, build, or manage ground station infrastructure, which can be quite 
expensive and complex to maintain and involves large up-front capital to build.  

Several cloud computing companies (including Amazon’s AWS and Microsoft) have 
built their own antenna systems and are “extending the cloud network to space” by 
offering a way to collect or schedule data collection from satellites, along with 
storing and processing this data, with pay-per-minute pricing models. The AWS 
Ground station currently costs $3/minute for narrowband (bandwidth <54 MHz) and 
$10/minute for wideband (≥ 54 MHz) if scheduled, and $10/minute for narrowband 
and $22/minute for wideband if on demand. 

Figure 58. Microsoft Azure – Orbital Ground Station and Data Storage  Figure 59. Amazon AWS – Ground Station Overview 

 

 

 

Source: Microsoft  Source: Amazon 
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Satellite-as-a-Service 

Satellite-as-a-service allows users to send their own payload into space by grouping 
with other payloads. This is particularly useful if a company is looking to test a 
satellite sensor, radiation-tolerant circuit board, or spaceflight software. Several 
companies are also selling satellite bits to customize the payload depending on the 
users’ requirements. 

Figure 60. Loft Orbital’s Satellite Offers Space for Customer Payloads  Figure 61. AAC Clyde Space Satellite Bits for Sale 

 

 

 
Source: Loft Orbital  Source: AAC Clyde Space 
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UN Sustainable Development Goals 
The strides in satellite technology, quality of satellite imagery, and applications of 
big-data transfer mean that space could be crucial in helping nations and 
companies address many of the UN Sustainable Development Goals (SDGs). 

Figure 62. Planet Labs – Monitoring a Fire in California  Figure 63. Orbital Insights – Monitoring Deforestation in Sumatra 

 

 

 

Source: Planet Labs  Source: Orbital Insights 

 
Some of the SDGs where space can have a material impact include: 

 Goal 2 (Zero Hunger): Satellites can monitor livestock or measure crop yields, 
including helping farmers decide whether to irrigate, fertilize, or harvest crops. 
The UN Food and Agricultural Organization estimates that agriculture represents 
~38% (or five billion hectares) of the global land surface, with around one-third 
used as cropland and the remaining two-thirds for grazing livestock. Additionally, 
satellites are key in environmental/weather monitoring. 

 Goal 3 (Good Health and Well-being): Around 60% of the global population has 
access to the internet, and this adoption rate is growing as projects such as 
Starlink (SpaceX) and Project Kuiper (Amazon) aim to provide satellite internet 
access to most of the Earth. This helps promote communication, connectivity, 
and information sharing, along with access to various forms of media.  

 Goal 4 (Quality Education): The internet enables access to information, 
knowledge, and various forms of education.  

 Goal 6 (Clean Water): Satellite monitoring of reservoir water levels or water 
sources provide an early warning of potential shortages or supply concerns.  

 Goal 8 (Decent Work and Economic Growth): Access to the internet opens up 
a new industry for growth, supporting employment, along with helping achieve 
economic efficiencies in existing industries, which helps economic growth. 

 Goal 13 (Climate Action): Satellite imagery is a crucial part of modern 
environmental monitoring systems and can observe and provide early warning of 
extreme events even in the most remote regions of the world. Additionally, Earth 
observation satellites can allow monitoring of many different climate variables 
such as deforestation, pollution levels, sea ice extent, rising sea levels, and 
greenhouse gas concentrations.  
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 Goal 14 (Life Below Water): Satellites can monitor illegal fishing by identifying 
vessels without Automatic Identification System (AIS) trackers (required to be 
fitted on vessels with 300+ gross tonnage and all passenger ships). 

Figure 64. The United Nation Sustainable Development Goals 

 
Source: United Nations 

 
We are entering an era of radical transparency that will transform the way we 
monitor and trace GHG emissions, specifically methane; tackle deforestation from 
forest risk commodities; and halt and reverse biodiversity loss, often described as a 
twin crisis with climate change. 

Post-COP26 (the 2021 UN Climate Change Conference held in Glasgow), several 
major themes emerged that are specifically relevant to the environment, social, and 
governance (ESG) investor or corporate seeking to demonstrate greater ownership 
and awareness of climate impact. In the race to net zero, the current period has 
often been described as a critical decade, with emission reduction targets by mid-
century, ambition to restore depleted terrestrial and aquatic ecosystems, and a 
global agenda to reduce inequality and address food insecurity with solutions to 
feed an extra two billion people by 2050. 
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Figure 65. The Glasgow Climate Pact 

 
Source: Citi Research 

 
We are witnessing the emergence of technology that allows organizations like 
Climate TRACE to track real-time atmospheric carbon emissions by harnessing 
satellites and artificial intelligence to advance emissions monitoring through direct 
observation and open data. This technology offers an unprecedented data stack 
delivered with speed and detail that utilizes satellite imagery and other forms of 
remote sensing, artificial intelligence, and data science expertise to identify human-
caused GHG emissions with precise geolocation data.   

GHG Emissions and the Global Methane Pledge 

Tracking global GHG emissions is an enormous task fraught with complexity, 
inconsistency, and a lack of transparency. As we heard at the recent climate talks, 
climate scientists have a comprehensive understanding of atmospheric carbon 
dioxide (CO2) and its causes requiring urgent and rapid decarbonization and a pivot 
away from reliance on fossil fuels to alternative energy sources.  

The launch of the Global Methane Pledge was a major outcome of COP26. 
Methane (CH4) — a powerful but short-lived climate pollutant with 85 times more 
warming potential than CO2 — accounts for about half of the net rise in global 
average temperature since the pre-industrial era. Rapidly reducing methane from 
sectors such as oil & gas could slow the rate of warming by as much as 30%, 
according to MethaneSAT, the world’s first satellite launched by an independent 
non-governmental organization (NGO). 
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Figure 66. Largest Sources of Methane 

 
Source: Citi Research 

 
By rapidly reducing CH4 emissions from energy, agriculture, and waste, there is 
potential to achieve near-term targets this decade. This is widely regarded as the 
single most effective strategy to keep the goal of limiting global warming to 1.5˚C 
within reach. 

MethaneSAT aims to tackle rising CH4 emissions. It has a contract with SpaceX to 
deliver satellites into orbit aboard a Falcon 9 rocket currently under construction 
after completing an intensive design process. The MethaneSAT instrument is on 
schedule for a launch window opening on October 1, 2022. 

MethaneSAT is a wholly-owned subsidiary of the Environmental Defense Fund 
(EDF) with links to science, economics, law, and innovative private-sector 
partnerships to create solutions to environmental problems. EDF will use data 
shared by MethaneSAT to assist in advocacy around its goal to protect the climate 
by reducing global methane emissions. 

New Satellites Unlock Crucial Climate Opportunity 

According to MethaneSAT, an ecosystem of methane-detecting satellites is 
emerging, each with distinct capabilities and purpose. These methane-detecting 
satellites offer companies, regulators, investors, and key stakeholders a new level 
of transparency and insight for tackling the climate crisis. 
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Figure 67. MethaneSAT Comparison 

 
Source: MethaneSAT 

 
Using a combination of global mapping satellites that detect large emissions and 
point-source detectors with fine-grained spatial resolution of targeted known sites 
this new generation of satellites can detect concentrations as small as just three 
parts per billion of CH4. The satellites cover the globe every 3-4 days, and 
calculations are automated reducing the processing time from years to days. 

Figure 68. A Comparison of Methane Satellites 

 
Source: MethaneSAT 

 
Machine Learning and Artificial Intelligence 

The greater availability of remote-sensing data from satellites combined with recent 
advances in machine learning (ML) and artificial intelligence (AI) have the potential 
to create new data sets with real-world application for governments, corporates, 
investors, and the scientific community. Key stakeholders can harness this data to 
deliver actionable outcomes.  
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One of the key criticisms of mid-century net-zero targets is the lack of near-term 
targets and paucity of information. Current reported data exhibits high levels of 
uncertainty and some sectors, such as agriculture, have inconsistent and 
fragmented data sets.  

With the emergence of a new data stack informed by real-time satellite data, there 
is the potential to accelerate progress towards the monitoring and tracking of near-
term climate, methane, and deforestation targets to evaluate progress. 

Figure 69. How Satellite Technology Can Help with Climate Action 

 
Source: Citi Research 

 
Time-Series Data and Asset-Level Spatial Granularity 

Climate TRACE expects to document data on a shorter timescale with monthly or 
weekly emission data that reflects the impact of major national or environmental 
events, such as the recent pandemic. All emissions come from specific sources 
including power plants, ships, factories, livestock factories, and waste processing 
plants.  

For key stakeholders seeking to better understand the asset-level spatial 
granularity, emerging data sets combined with machine learning and artificial 
intelligence will allow the pinpointing of specific facilities or sources of emissions, 
which will be catalytic for investors wishing to engage with companies. 

Deforestation 

For many years, WRI has offered data, technology, and tools to manage and protect 
forest landscapes. Tropical forests are disappearing at an extraordinary rate, and 
historical data shows few signs of progress towards curbing deforestation. In 2010, 
the world had 3.92 global hectares (Gha) of tree cover, extending over 30% of its 
land area. In 2020, it lost 25.8 million hectares (Mha) of tree cover.4 

                                                           
4 “Dashboard,” Global Forest Watch, accessed April 26, 2022. 

https://www.globalforestwatch.org/dashboards/global/?category=summary&location=WyJnbG9iYWwiXQ%3D%3D&map=%3D%3D&showMap=true
https://www.globalforestwatch.org/dashboards/global/?category=summary&location=WyJnbG9iYWwiXQ%3D%3D&map=%3D%3D&showMap=true
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Up-to-date information on the world’s forests is essential to making informed 
decisions about how to manage and protect forests, and transparent data is critical 
for holding governments and companies accountable for their impact on forests. 
Global Forest Watch is an online platform and partnership comprised of over 100 
organizations that contribute data, technology, expertise, and action on forests.  

Global Forest Watch leverages satellite data, advanced computer algorithms, and 
cloud computing power with an open-access suite of tools to enable experts to 
access information about forest change. According to Global Forest Watch, 
thousands of people around the world use the platform every day to monitor and 
manage forests, stop illegal deforestation and fires, call out unsustainable activities, 
defend their land and resources, sustainably source commodities, and conduct 
research at the forefront of conservation. 

The Global Forest Watch platform allows users of its free online platform to explore 
interactive charts that summarize key statistics including rates of forest change; 
forest extent; drivers of deforestation; and deforestation and fire alerts which can be 
customized, shared, and downloaded for offline use. See analysis below on Brazil. 

Figure 70. Global Primary Forecast Loss in Brazil  Figure 71. Primary Forest and Tree Cover Loss in Brazil Using Planet 
Satellite Imagery 

 

 

 
Source: Global Forest Watch  Source :Global Forest Watch 

 
Biodiversity 

Scientists are now combining satellite data and information from remote sensing of 
forests around the world with data from unmanned aerial drones (UAD) and other 
sources, such as ground-based data samples that have revolutionized the 
understanding of terrestrial ecosystems health and resilience. This data reveals 
intimate details of genetic diversity and has transformed how scientists are studying 
ecosystems with potential for a greater understanding of climate and biodiversity 
solutions.  

With the acceleration in the biodiversity loss of plants and animal species, 
conservation efforts need to embrace new technology to equip policymakers with 
the information required to prioritize biodiversity hotspots and critical biomes. 
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David Schimel, a research scientist at NASA’s Jet Propulsion Laboratory, stated “In 
the past decade, there’s been a revolution in the technology available to 
characterize ecosystems from space.”5 Scientists are just beginning to integrate 
these new data sets into their analysis and a 2021 report by University of Minnesota 
professor Jeannine Cavender-Bares looks at how satellites and other remote 
sensing tools offer new ways to study ecosystems.  

Satellites and aircraft with sophisticated sensors can track signs of ecosystem 
health known as essential biodiversity variables (EBVs). Each EBV draws on 
multiple types of remote sensing data, fed into computer models based on 
measurements from the ground. Satellite data can even uncover microbial activity 
and nutrient cycling in the soil processes that also contribute to an ecosystem’s 
overall health and productivity. In Figure 72 below, we see how geospatial data can 
be used to monitor GHG emissions and biodiversity. 

See our Citi GPS report Biodiversity: The Ecosystem at the Heart of Business for 
more on how technologies can monitor deforestation and improve transparency in 
supply chains.  

Figure 72. Biodiversity 

 
Source: Elizabeth Pennisi. ”Getting the Big Picture of Biodiversity,” Science, Vol 374, Issue 6570, pp. 926-931, 
November 18, 2021. 

 
  

                                                           
5 Elizabeth Pennisi, “Getting the Big Picture of Biodiversity,” Science, Vol 374, Issue 
6570, pp. 926-931, November 18, 2021. 

https://www.citivelocity.com/citigps/biodiversity/
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Interview with Nanne Tolsma 
Head of Client Relations, Satelligence  
Satelligence helps companies tackle deforestation and other supply-chain risks, 
boost agricultural productivity, and meet sustainability commitments for palm oil, 
cocoa, coffee, soy, rubber, beef, leather, and other commodities. Combining radar 
and optical satellite images, Satelligence is able to assess patterns and trends in 
forest and agriculture, and track deforestation and environmental risk in near real-
time.  

Q: Deforestation contributes significantly to biodiversity loss. Can you 
provide some more color on the extent of this issue? 

A: I think one of the reasons deforestation was an important discussion point during 
COP26 is the fact that the effects of deforestation are extremely visual; we see 
trees being logged, and we see the effects it has on ecosystems and biodiversity. 
We can not only measure it, but also show images of what its effects are. This is, for 
instance, not the case for rising sea levels, or carbon in the atmosphere. Because it 
is so visual and relatively easy to observe, it seems simple and straightforward to 
tackle deforestation on a global level. But unfortunately it is not that simple. For 
example, the question “what is deforestation” can be answered in multiple ways 
based on the country and respective definitions. Next to that, a large number of 
stakeholders are involved that all have to abide by different policies and benefit one 
way or another from the forest, or what it is being replaced by. This all makes it 
difficult to act on deforestation and subsequent biodiversity loss, even though we 
can see it happen right in front of us. 

Q: Can you tell us about how Satelligence and satellite technology can help 
combat this problem using geolocation data? 

A: Satelligence provides deforestation risk insights for agricultural commodity 
supply chains (e.g., palm oil, cocoa, soy) by combining satellite imagery with 
supply-chain ownership data. With satellite data, we can see deforestation on the 
ground in real time. We combine this with supply-chain ownership data and location 
intelligence to determine who is responsible for the deforestation. 

Q: Many companies have pledged to ensure their supply chains are free from 
illegal deforestation; can you share any examples of how companies working 
with satellite monitoring can decrease their exposure to deforestation risk? 

A: We mainly work with growers, traders, and consumer-goods companies that 
trade in agricultural commodities that are facing severe deforestation issues in their 
supply chains. Growers are companies that produce a commodity locally. They use 
our real-time deforestation detection system for direct, on-the-ground action. 
Traders and consumer goods companies use our insights because they want to 
know what happens on the ground and which suppliers in the supply chain are 
responsible for it. Information on deforestation is used to track grievances or in a 
more aggregated way to make more informed, sustainable sourcing decisions. 

  

 
 
Nanne Tolsma 
Head of Client Relations 
Satelligence 
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Q: We have seen draft EU regulation on deforestation that seeks to identify 
commodities linked to illegal deforestation and will impose greater scrutiny 
on consumer-goods companies to disclose the geolocation. How do you see 
the role of regulation acting as a key driver and accelerator? 

A: So far, most of the work that we do is with early adopters: companies that have 
internal capacity and knowledge to tackle sustainability issues. Increasing regulation 
on deforestation will require more companies to comply and take action. A lot of 
companies will have to start from scratch on traceability and transparency of their 
supply chains. The draft of the EU regulation will ensure acceleration of the 
companies to do so. 

Q: In light of the growing focus on biodiversity, beyond consumer companies, 
has Satelligence seen demand or interest from other industries? 

A: There are two main groups outside of consumer companies: retail is catching up, 
and we see a lot of demand from financial institutions, mainly asset managers and 
also investment funds. Both groups want to better understand what happens with 
deforestation and biodiversity in their portfolio, and the traditional tools available to 
them are often not sufficient (they are either too subjective or general). The biggest 
change we have seen, however, is that companies across the board are taking 
sustainability more seriously. Where a couple of years ago we solely worked with 
sustainability departments, we now see that sustainability information is integrated 
into procurement departments that make the sourcing decisions. This is a big step 
forward. 

Q: Are there any particular forest risk commodities e.g., palm oil, soy, cocoa, 
beef, or timber, that are better suited to using geolocation data or, put another 
way, are you prioritizing any commodities today? 

A: Traditionally, palm oil has been a commodity under scrutiny and constant 
pressure from media and stakeholders in the supply chain. For a large part, the 
focus is with good reason, but that also means that palm oil is currently far ahead of 
other commodities that face ESG issues. There is a very mature roundtable of 
sustainable palm oil, and companies have a good understanding of how monitoring, 
grievance registration, and empowering/engagement projects can help make the 
supply chain more sustainable. This progress has been slow for some other 
commodities like beef or soy. The market is starting to see that palm oil is not the 
only “bad” commodity, and deforestation should be tackled on a landscape level, 
taking into account all commodities and factors. We see that trend coming back with 
requests from our partners and clients who become more interested in cross-
commodity approaches — meaning that they want to monitor deforestation 
throughout their entire portfolio, including beef, cocoa, soy, and other commodities. 
The blocker is not the satellite technology, but access to ownership data, as we are 
looking to achieve complete traceability. For some commodities it is much more 
difficult to obtain ownership data than for others. 

Q: Can you share how you work with financial institutions/asset managers 
(and investment funds)? 

A: One example is our work with Robeco and ACTIAM in engagement. Another is 
our work with the &Green Fund for sustainability-linked loans. The &Green Fund is 
an investment fund which invests in commercial projects in agricultural production 
value chains in order to protect and restore tropical forests and peatlands and make 
agriculture more sustainable and inclusive.  
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We assist the investment advisor of the &Green Fund (Sail Ventures) with 
monitoring a number of their projects for deforestation and land use change. This 
way, Sail Ventures can stay up to date with whether the sustainability key 
performance indicators (KPIs) of their investments are on track, or not. 

Q: How are your clients and the users of your data upskilling; are you 
noticing an influx of new skills, and what do these skillsets look like? 

A: So far, Satelligence has worked with early adopters that often have a good 
understanding of technology and sustainability. They can actively work with the 
information that we provide them, and in some cases, build on our insights through 
their internal decision systems. As we see more companies becoming interested, in 
part due to upcoming regulations, we have started to work with a new type of 
customer or skillset. The companies often have less experience with sustainability 
and depend more on the information that a service provider such as Satelligence 
can share with them. 

Q: In your experience working with investors and corporates, what is the role 
of engagement? 

A: In most cases, engagement, or active ownership, is the way to go. Divesting fully 
from companies with bad ESG practices is unfortunately still quite common and 
easy to do, but is that really a solution? Divesting cuts ties and thus a channel to 
influence the investment. Does that make our planet a better place? In reality, all it 
means is that other financial institutions, likely less environment prone, will take 
over, and the unsustainable practices will continue. 

Q: What do you see as the main challenges for asset managers in the 
biodiversity space and/or in engaging with companies? 

A: There still is a big difference in experience between the asset managers and a 
sustainability specialist from a company. The former is often new to sustainability 
and a specific theme. The latter has years of experience talking with investors and 
other stakeholders about sustainability. The main challenge for asset managers is to 
have informed discussions with investments, therefore in-depth knowledge of a 
specific theme and sustainability is required. Next to that, asset managers should 
steer the discussion to the fundamentals and major sustainability trends observed, 
while being knowledgeable enough to ask the right questions, and dissect the 
answers from the companies.  

Q: Could you please explain in detail how investors and asset managers use 
the Satelligence data and how has this accelerated their ESG engagement 
with portfolio companies? 

A: Addressing sustainability issues like deforestation in commodity supply chains 
are major engagement themes for the investors and asset managers we work with. 
This is based on enhanced engagement and a screening system to target 
producers directly. We provide investors and asset managers with recurring reports 
for 25+ major companies that assist with screening, and act as a conversation 
starter during engagement. The reports provide information on whether forests 
around the world are being cleared for new commodity production. The information 
is captured in indicators on deforestation, but also desktop-based analytics on 
transparency and certification. Additionally, major events in company supply chains 
are captured through “before and after” comparisons. Deforestation can be hard to 
detect from the ground, and the satellite-based reports provide proof of how well 
companies are complying with their sustainability commitments and objectives. 
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Q: What sort of questions should investors be asking once they have 
engaged with the Satelligence data? 

A: What we have seen so far is that asset managers tackle discussions with 
investments quite differently. This is due to the fact that the background of the 
interviewers is different, but also because in principle, there is not one set of 
questions that an asset manager should ask. In a discussion, the following 
components should come back: (1) What are the deforestation and sustainability 
commitments of an investment? (2) What is the company actively doing to measure 
and act on deforestation happening in their supply chain? (3) Can the company 
provide proof of due diligence (reports, platforms, etc.) and subsequent action? (4) 
What is the process of the company once a deforestation grievance has been 
raised (either through internal reports or campaigning NGOs)? (5) Can the company 
explain the increase/decrease in deforestation in their supply chain? What has the 
role of the company been in this? 

Q: Are investors and asset managers able to use Satelligence data to look 
beyond deforestation to the carbon emissions associated with this forest 
loss? 

A: Yes, just as we can identify and measure forest loss, we use a combination of 
satellite and other data for different land cover types around the world to measure 
the amount of carbon that has been lost from deforestation. And that same data is 
available to track increases in carbon captured in forests and the trees within these 
major commodity supply chains. 

Q: How would you recommend financial institutions utilize Satelligence’s 
carbon data?  

A: There are a few key ways financial institutions can already use this data. One is 
that this carbon data reflects a large part of the Scope 3 emissions of agriculture 
and food companies. And when this data is combined with geolocation data for 
commodities, then it is possible to measure the carbon intensity of investments in 
palm oil, soy, or cocoa and to look at it by company or by sourcing jurisdiction and 
identify where in the world the carbon intensity of each commodity is lower or 
higher.  

Another way financial institutions can use this data is to independently assess a 
commodity or company’s carbon emissions from deforestation going back in time to 
determine that agricultural subsector’s baseline for your own target-setting. And this 
connects to the third way financial institutions can use Satelligence’s carbon data, 
and that is to monitor progress for your own commitments and those of the 
agricultural companies and sectors you are investing in. With this data, you can see 
whether carbon emissions are increasing from deforestation in palm oil concessions 
in Sumatra or if a coffee-producing area of Colombia is increasing emissions by 
clearing forests for more full sun coffee plantations. And this will tell a financial 
institution whether or not companies or commodities they are financing are 
performing well or not with this carbon data. 
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Unlocking New Applications and 
Industries for Space 
As accessibility to space becomes more widespread, driven by lower launch costs 
and technology advances, we believe that new applications will begin to emerge. As 
the Earth’s population grows and resource depletion becomes more real, the 
potential to extract elements from asteroids and return these to the Earth for profit, 
or use space-based resources to build solar-power satellites and space habitats, 
becomes more attractive. 

We forecast the overall space economy will grow to ~$1 trillion in 2040 from $350 
billion in 2020, and estimate that new applications and industries will be responsible 
for almost half of this total growth, and will be worth ~$100 billion in annual sales by 
2040. 

However, we should stress that it is extremely difficult to value areas where there is 
no established market, no data points, or any adjacent markets to look at. As we 
noted earlier, a similar analogy would be attempting to forecast the value of the 
internet today versus nearly 20 years ago when the term “smartphone” was 
relatively unknown and before broadband replaced dial-up internet connections.  

Investors should take the time to look under the hood of space estimates to see 
what is being included. We only include direct impacts from space in our valuation. 
For example, we do not include the global financial system, which is dependent on 
Global Positioning System (GPS) technology or the entirety of sectors where 
communication via satellite is crucial to operations, such as the total value of 
internet companies (but we do include the communication via satellite element). 

Without some exclusions, the list could be endless and could include technologies 
such as: (1) car-racing suits; (2) NASA’s CMOS (Complementary metal oxide 
semiconductor), which is widely used in cell phone cameras and high-definition 
video; (3) the total value of internet companies, including search engines, e-
commerce and social media (although we do take into account the increase in 
connected equipment and the increase in data usage); and (4) NASA-developed 
winglets, which are now widely used on commercial jets.6 

Figure 73. Forecast of Annual Sales for New Applications and 
Industries for Space 

 Figure 74. Split of Forecast Annual Sales in 2040 for New Applications 
and Industries for Space 

 

 

 
Source: Citi Research  Source: Citi Research  

                                                           
6 See NASA’s list of 2,000 space-related spinoffs.  
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Commercial Space Station 
The International Space Station (ISS) is over 20 years old and is expected to be 
retired by the end of this decade. As a replacement, NASA has opened bids for 
companies to build private space stations in orbit.  

In 2021, NASA announced the Commercial LEO Destinations project, and awarded 
an estimated $415.6 million across three companies to begin developing a private 
space station and enable a robust, American-led commercial economy in low-Earth 
orbit. NASA has previously had success with its public-private partnership with 
cargo and crew services.  

NASA has already started funding development of up to three modules by Axiom 
Space that will connect to the ISS. The first and second modules will each contain 
living quarters for four crew members and volume to accommodate research and 
manufacturing capabilities, with the first expected to launch in 2024 and the second 
in 2025. The third module will be a research and manufacturing facility and is 
expected to be launched in 2026. This will be followed by a Power Tower in 2027, 
which is expected to be equipped to produce an equivalent amount of power from 
solar power for the Axiom Station as was previously generated from the ISS. The 
company is developing the modules to be able to detach and turn into a free-flying 
private space station, powered by the Power Tower, once the ISS retires. 

The proposal is for a smaller space station than the ISS currently; however, a 
private company could expand on the new space station to build a base for other 
private operations (e.g., as a stop for deep-space exploration). 

Figure 75. Axiom Modules on the International Space Station (ISS) 

 
Source: Citi Research, Axiom Space 

 
We Estimate $8 Billion in Sales by 2040 
The ISS currently costs NASA around $4 billion a year to operate, and NASA 
estimates that a private space station could save more than $1 billion per year. 
Assuming that revenues from a private space station from NASA reach ~$3 billion 
when the ISS is replaced towards the end of the decade and then grow in-line with 
the rapid growth in other new applications and industries for space (such as space 
logistics and mining) as it will likely be used as a base, we estimate sales of ~$8 
billion by 2040. 

https://www.nasa.gov/leo-economy/commercial-destinations
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An Interview with Amir Blachman 
Chief Business Officer, Axiom Space 
Axiom Space is planning commercial missions to the International Space Station 
(ISS) including human spaceflight for space tourists, as well as government-funded 
and commercial astronauts engaging in in-space research, in-space manufacturing, 
and space exploration. The company holds a contract with NASA to attach a 
module to the ISS as early as 2024, testing out the company's habitat technology, 
which is part of a larger goal to expand to the world's first commercial space station. 

Q: Why has the commercial space market really taken off over the recent 
years? 

A: Contributing factors include rocket reusability, computer power (higher 
capabilities with fewer mass), expansion and recognition of satellite data, and an 
increasing competition in spaceflight capability (human spaceflight and exploration) 
among nations. NASA and other space agencies are understanding the benefit of 
being a tenant/user instead of an asset owner. In addition, stronger recognition by 
the investment community to demonstrate the potential for profit and growth in the 
space sector has contributed to the recent boom in the sector and has moved from 
being bifurcated to blue chips and emerging stocks to growth stocks.  

Q: Why has NASA turned to commercial players, such as Axiom, for the ISS-
replacement and what is the importance of this public-private partnership?  

A: First, it must be understood that NASA has a finite annual budget, and they can 
get the same capability for far less expense as a customer of commercial players 
rather than owning the asset. More importantly, NASA has been reliant on 
commercial providers since the 1950s, including the Mercury and Apollo programs. 
It’s a continuation of the commercialization pattern where phase I was aircraft, 
phase 2 was satellites, phase 3 is launch, phase 4 is LEO commercial station 
services, and phase 5 is deep-space human exploration. The importance of this 
partnership is continued competitive leadership on the international stage, and that 
enables NASA to have a comparative advantage relative to other countries because 
the use of commercial players makes for more efficient deployment of the NASA 
budget. 

Q: What sets Axiom apart in winning the ISS extension modules?  

A: It starts with Axiom’s team — Axiom Space’s team has been involved in every 
ISS mission since the program’s inception. Moreover, Axiom helped shape NASA’s 
thinking about the transition to a commercial space station through the NASA LEO 
Commercialization Study that Axiom conducted in 2018. Also, Axiom provided a 
well-formed feasible and cost-conscious proposal to NASA, including a highly 
reliable transition plan from ISS to a commercial space station.  

Q: What are the benefits in being the first private company to build a space 
station? 

A: NASA has utilized commercial organizations to provide space station 
construction services for decades. So, although Axiom Space is not the first 
company to contribute to the construction of a space station, we are the first 
company to build and own a space station. More important than being first, is being 
the company that has the unique privilege of connecting to the ISS, the significance 
of which is: 

 
 
Amir Blachman 
Chief Business Officer 
Axiom Space 
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 The deferral of capital expenses associated with utilities such as solar panels. 
Because we are using power off the ISS, we get to defer this cost for 5-7 years. 

 We will cooperate with the ISS so that the ISS user base will have used our 
station for four years by the time ISS is decommissioned. 

 It allows us to provide continuity to the ISS research and manufacturing 
customers and thus, allows them to transfer hardware and operations to our 
station. 

 It allows us to generate revenue while our station is under construction and not 
only after it is deployed. 

Q: How will the ISS replacement be different from the ISS in operations? 

A: The short answer is that Axiom Station will be more capable, easier, and more 
cost effective to access and utilize. Being entirely modular will allow for swapping 
out and upgrading as segments of the station age. Almost all elements of the 
station, including computers, electrical, environmental control and life supports 
systems, and communications, will be on the inside. This translates to far fewer 
space walks and as a result, a massive reduction in operating costs as well as a 
higher cadence of launch and return. It will be equipped for at-scale on-orbit 
manufacturing of products for Earth or terrestrial use, and it will not be subject to the 
limitations imposed on national astronauts (advertising, sponsorships, and for-profit 
work).   

Q: How do you see Axiom’s commercial space station being used and what is 
the business model? 

A: Asking this question is akin to asking in 1995 how the internet would be used 
and what is the business model. Axiom Station represents one of the most 
important innovation platforms that has emerged in recent history. ISS, built 
primarily as a multinational laboratory in space, has served multiple industries, 
scientific institutions, and space agencies. Axiom Station, designed for unlimited 
expandability and throughput, will serve a much larger multi-billion-dollar user base. 
The company’s user base includes:  

 Professional and private astronauts 

 Government agencies 

 On-orbit researchers and manufacturers  

 Exploration organizations 

 Media outreach, advertisers, and sponsors 

 Cloud computing companies and satellite operations 

Axiom sold four private astronaut seats and contracted over 40 research and 
manufacturing payloads for its first mission in April 2022, many of which are 
pathfinder projects for at-scale on-orbit manufacturing. 

Q: What do you think are the biggest challenges to overcome for commercial 
spaceflight being widespread and accessible? 

A: Greater rocket reusability will lower the cost of space access significantly, further 
opening up space to a broader user base.   
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Solar Power from Space: On the Horizon 
The energy sector is the world’s number one pollutant, responsible for over 30% of 
global greenhouse gas emissions. Space-based solar power (SBSP) could support 
the existing cleantech revolution and help nations to tackle climate change and 
meet the 1.5°C target set by the Paris Agreement.  

According to the U.S. Department of Energy, the amount of power from the sun that 
strikes the Earth in an hour is more than what the entire world consumes in a year 
(430 quintillion joules). The technology to collect and use space solar power is 
already possible; however, high launch costs have been the key hindrance. We 
believe that lower launch costs mean that space-based solar power is now on the 
horizon.  

The key advantages to solar power generation in space are its higher collection rate 
due to no atmosphere, and the possibility of placing a solar collector in an orbiting 
location where there is sun 24 hours a day. Additionally, it bypasses the 
considerable fraction of solar energy (~55%–60%) that is lost on its way through the 
Earth's atmosphere by the effects of reflection and absorption, and solves the 
problem of energy storage as the continuous stream of power from the sun means 
that energy will be available when needed.   

How Space-Based Solar Power Could Work 
Space-based solar power systems will likely consist of: 

1. Reflectors or inflatable mirrors installed on satellites in orbit, which will 
concentrate energy from the sun onto either solar cells or heaters (for thermal 
systems) 

2. Antennas to wireless transmit power to Earth either via microwave or laser 

3. A rectifying antenna (rectenna) on Earth to collect the waves of electromagnetic 
radiation and convert them into electricity to be distributed on the grid 

Figure 76. How Space-Based Solar Power Could Work 

 
Source: CNN. U.S. Department of Energy 
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The most commonly-discussed methods of transmitting power for SBSP are 
microwaves or lasers and include:  

 Microwave transmitting satellites, which are large and in deeper 
space/geostationary orbits (GEO), with large arrays of photovoltaic solar panels 
connected to microwave power transmission systems. These generate several 
gigawatts of power, which would be enough to power a major city, but can weigh 
~4,000 tons. However, these require longer antennas and will likely require 
several launches (~50-100) for all required materials to reach space. Additionally 
the rectenna on Earth would be 3-10 kilometer in diameter, which will need a 
large area of land.  

 Microwave optical concentrators, which do not require large solar cell panels, 
but instead large arrays of mirrors that collect and redirect sunlight onto smaller 
solar panels where the electricity is created and transmitted to Earth by a single 
microwave link.  

 Laser transmitting satellites, which orbit in low-Earth orbit (LEO) and weigh 
under 10 tons. However, the capacity is also lower at 1-10 megawatts, so a 
constellation of several satellites will likely be used. Additionally, the potential 
military implications to a nation having lasers in space could face opposition from 
other nations. 

Figure 77. Laser Transmitting Satellites for Space Solar Power  Figure 78. Microwave Optical Concentrator for Space Solar Power 

 

 

 
Source: YouTube  Source: YouTube 

 
Weight, Cost, and Safety Are Key Hurdles to Adoption 
There are several hurdles to space-based power generation which have limited its 
adoption. The key one is development and launch costs — current solar panels 
have a high mass per watt generated (see below), and as a result have a launch 
cost that is too high relative to power generated to make it feasible.  

Additionally, given the weight of the microwave approach (4 gigawatt can be ~4,000 
tons), it will require many launches (~50-100) to get all the equipment into space 
and it will have to be assembled in space. Although there is less weather-related 
hurdles than what solar panels face on the Earth’s surface, space-based solar 
panels are at risk of damage from space debris and radiation. 

The cost of the receiving station, given it would need to be quite large, is another 
key factor. According to a U.K. study, the rectenna (for 2-3 gigawatt of solar power 
satellite) would need to measure about 6.7 km x 13 km to receive the energy from 
the space solar station.   

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1020631/space-based-solar-power-derisking-pathway-to-net-zero.pdf
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Considering the scarcity of land, production costs, and regulation, the rectenna will 
likely need to be offshore or to co-locate with existing offshore wind farms, and 
connect into the existing grid connections. As a result, the cost of the potential 
rectenna could be significant. A study from NASA estimated the cost of an offshore 
rectenna (5 GW) at ~$5.7 billion for a single unit, albeit this study was done in 1980. 

The key nations addressing space-based solar power solutions include the U.S., 
China, and Japan. Notably, China is planning to send a functioning prototype into 
space in 2022, with the intention of generating 1 megawatt of energy by 2030 and to 
have a commercially-viable space-based solar plant by 2050. 

There is a regulatory limit on the human exposure to microwaves, which also needs 
to be taken into account. Currently this sits at 10 watts per square meter for 
sustained human exposure, 100x higher than the center of the beam in a 
commercial solar power satellite system at 1 kilowatt per square meter. As a result, 
the rectenna site would have to be a restricted area, and maintenance workers who 
enter that zone would have to take precautions, such as donning protective clothing. 
But the land outside the rectenna site would be perfectly safe. At a distance of 2 
kilometer from its center, the beam’s power density will have already dropped below 
the regulatory threshold. 

Other challenges that need to be taken into account include the hostile environment 
in space and the growing quantity of space junk. Photovoltaic (PV) panels degrade 
at an ~8x faster rate in space than on Earth, with the additional hazard from space 
debris to large structures such as an SBSP, albeit this is less of a risk in GEO orbit 
as objects will be move in the same direction at similar speeds. Additionally, aircraft 
and other flying objects (e.g., drones, balloons) will have to avoid exposure by 
observing no-fly zones as is currently done for military and other controlled airspace 
(or airlines will have to provide passengers with a protective metal shell, such as a 
Faraday Cage) to intercept the microwaves. 

Figure 79. Graphic of an Offshore Rectenna  Figure 80. Graphic of an Onshore Rectenna 

 

 

 
Source: Japan Aerospace Exploration Agency  Source: Sciathon.org 

 
  

https://ntrs.nasa.gov/api/citations/19810004047/downloads/19810004047.pdf
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SBSP Will Need a Step-Change in Solar Panel Mass per 
Kilowatt 
On current competitive launch costs ($1,500 per kilogram for Falcon Heavy and 
$2,500 per kilogram for Falcon 9 to LEO) it will cost $12 billion to $20 billion to 
transport a 4-gigawatt (4 GW) power station (enough to power a major city) to GEO 
orbit, assuming the current solar panels being developed for space-based solar 
power reach a mass of 1 kg/kW. This compares to $12 billion to $24 billion to build a 
nuclear power plant ($3-$6 per Watt) or $3 billion to $5 billion for installation of the 
panels for a solar farm ($0.80-$1.40 per Watt). 

However, this is without considering the mass of the supporting structure, antenna, 
or any significant mass reduction of any focusing mirrors and assumes that space-
based solar panels can achieve 1 kg/kW versus 20 kg/kW that is in wide circulation 
currently. If the technology only gets to 5 kg/kW, this implies a $60 billion to $100 
billion launch cost for a 4 GW solar station, while if the technology achieves  
10 kg/kW, it would cost $120 billion to $200 billion. 

Figure 81. Cost to Launch a 4-Gigawatt Solar Power Station to GEO Orbit ($ billions) Based on 
Current Launch Costs to LEO ($ per kg) and Various Mass per Kilowatt (kg/kW) 

 
Source: Citi Research 

 
However, a solar farm will also need significant land mass of around 24,000-32,000 
acres for a 4 GW farm (6-8 acres per Megawatt). This would be ~2-3x larger than 
the largest solar farm in the world: Bhadla Solar Park in India, which is 14,000 acres 
with a total capacity of 2.25 GW — which is large, but not necessarily unfeasible. 
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Figure 82. Bhadla Solar Park: Largest Solar Park in the World  Figure 83. Our Launch Costs to LEO Forecast by 2040 ($ per kg) 

 

 

 
Source: Business Wire  Source: Citi Research, Business Wire 

 
We estimate that our base-case forecast of launch costs by 2040 (~$100 per 
kilogram or ~$100/kg) will mean that it will cost <$1 billion to transport a 4 GW 
power station, assuming that the space-based solar panels can achieve a mass of 
~1 kg/kW. This is ~$2.5 billion in our bear-case scenario launch cost forecast 
(~$300/kg) and ~$200 million to $300 million in our bull-case scenario (~$33/kg). 
Again, this is without considering the mass of the supporting structure, antenna, or 
any significant mass reduction of any focusing mirrors.  

If the mass per kilowatt achieved only reaches 5 kg/kW, this implies a $4 billion 
launch cost, while if its reaches 10 kg/kW, this implies an $8 billion launch cost. 

Based on solar panel mass per kilowatt under development for space-based solar 
power (~1 kg/kW), it is beneficial for launch costs of less than $500/kg. If 5 kg/kW is 
achieved, the launch costs would need to get to less than $100/kg to breakeven, 
while 10 kg/kW would need launch costs of under $50/kg to be attractive. 

Figure 84. Cost to Launch a 4 Gigawatt Solar Power Station to LEO Orbit ($ billions) Based on 
Our 2040 Forecast of Launch Costs ($ per kg) and Various Mass per Kilowatt (kg/kW) 

 
Source: Citi Research 
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SBSP to Be Worth $23 Billion in Sales by 2040 
The International Energy Agency estimates that solar powered almost 3% of global 
energy in 2019, or 720 terawatt hours (TWh). The Sustainable Development 
Scenario (SDS) aims to grow solar power generation by ~15% annually, from  
720 TWh in 2019 to almost 3,300 TWh in 2030. 

We forecast that space-based solar power will be worth $23 billion in annual sales 
by 2040. This assumes that solar power continues to gain a strong share of total 
energy usage, expanding from ~3% currently to ~13% by 2040, the cost of solar 
power reduces at a compound annual growth rate of ~6% from ~$0.0068 per 
kilowatt hour (kWh) currently, and that space-based solar power grows to represent 
~25% of all solar power by 2040, starting in 2024. 

Figure 85. Forecast of Global Power Usage Driven by Space-Based Solar, Non-Space-Based 
Solar, and Other 

 
Source: Citi Research, International Energy Agency 

 
Figure 86. Our Forecast of Space-Based Solar Power Usage and Cost of 
Solar Power 

 Figure 87. Our Forecast of the Value (Annual Sales) of Space-Based 
Solar Power up to 2040 ($ millions) 

 

 

 
Source: Citi Research   Source: Citi Research 
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Asteroid Mining: A “Gold” Mine in Space 
As the Earth’s population grows and resource depletion becomes more real, the 
potential to extract elements and minerals from asteroids and return these to Earth 
for profit becomes more attractive. Neil deGrasse Tyson, the U.S. astrophysicist and 
TV host, famously said, “The first trillionaire in the world will be the person who 
mines asteroids.” One platinum-rich asteroid could contain more platinum group 
metals than what has been mined on Earth in all of its history, while a water-rich 
asteroid could produce enough fuel for every rocket that has ever been launched. 

The Value of an Asteroid: Who Wants to Be a Trillionaire? 
Rare and precious materials (e.g., terbium, neodymium, or tantalum) are becoming 
increasingly common in everyday electronic devices and technology. However, as 
the population grows, resource depletion becomes more real, coupled with the 
challenges of extracting these minerals to meet this increase demand becoming 
more profound (e.g., air and water pollution, destruction of landscapes, dangerous 
chemicals harm biodiversity and the population). For example, estimates suggest 
that indium, which is used for thin-film solar panels, may be depleted in 18 years, 
while if we converted 500 million vehicles to fuel cells and continued to operate 
them, we would run out of platinum in 15 years.  

Since the 1970s, organizations like NASA have been considering the possible 
advantages of asteroid mining for resources. In the midst of a new, privatized space 
race and increased demand for global rare metals, companies have revisited the 
possibility of sourcing materials from outer space. A single asteroid could contain 
trillions of dollars’ worth of precious metals, and sourcing materials from asteroids 
could enable large-scale construction in space. There are hundreds of thousands of 
asteroids circling the sun, with most grouped inside the Asteroid Belt, between the 
orbits of Mars and Jupiter, and the much more distant Kuiper Belt. 

In 2013, NASA proposed the Asteroid Redirect Mission (ARM), which involved a 
rendezvous with a large near-Earth asteroid and use of robotic arms with anchoring 
grippers to retrieve a 4-meter boulder from the asteroid before transporting the 
boulder to a stable lunar orbit, where it could be further analyzed both by robotic 
probes and by a future crewed mission — ARCM (Asteroid Redirect Crewed 
Mission). This was due to be launched in December 2021; however, President 
Donald Trump’s 2018 NASA budget cancelled the program, leaving asteroid mining 
in the realm of the private space sector for now.  

NASA’s Stardust spacecraft passed near comet Wild-2 in 2004 and used an 
aerogel-based sample collector to capture dust from the comet. Due to its extremely 
high porosity, the aerogel made ideal material for slowing down and trapping the 
very high-velocity dust particles without destroying them. The dust was successfully 
returned to Earth and produced some valuable discoveries, but grabbing a few tiny 
micron-sized particles is a long way from industrial-scale mining. 
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The Japan Aerospace Exploration Agency (JAXA) has executed the most 
successful missions to retrieve material from asteroids so far. While the Hayabusa 1 
(translates to “Peregrine Falcon”) mission to the 25143 Itokawa asteroid 
encountered difficulties and was only able to return with some dust particles, the 
Hayabusa 2 mission returned a sample from the asteroid 162173 Ryugu in 
December 2020, and plans to rendezvous with another asteroid, 1998 KY26. NASA 
also has an ongoing mission to take a sample from the asteroid Bennu. Ryugu has 
an estimated value of more than $80 billion, while Bennu is worth about $670 
million. 

Based on studies of asteroids by ground-based telescopes and space missions, 
there are three types of asteroids that are of interest: 

 C-type Asteroids (chondrite asteroids) contain a high abundance of water which 
is not currently of use for mining but could be used in an exploration effort 
beyond the asteroid. These also have a lot of organic carbon, phosphorus, and 
other key ingredients for fertilizer which could be used to grow food. Water will be 
precious for the Moon or Mars colonies targeted by Elon Musk and Jeff Bezos. 
More than 75% of known asteroids fit in this category. 

 S-type Asteroids (stony asteroids) carry little water but look more attractive 
because they contain numerous metals, including nickel, cobalt, and more 
valuable metals such as gold, platinum, and rhodium. A small 10-meter S-type 
asteroid contains about 650,000 kg (1,433,000 lbs) of metal with 50 kg (110 lbs) 
in the form of rare metals like platinum and gold. Around 17% of asteroids fit in 
this category.  

 M-type Asteroids (metallic asteroids) are rarer but contain up to 10 times more 
metal than S-types. 

Once material is collected, there are four possibilities: (1) in-space manufacturing, 
(2) bringing raw asteroidal material to Earth for use, (3) processing it on-site to bring 
back only processed materials and maybe even perhaps producing propellant for 
the return trip, and (4) transporting the asteroid to a safe orbit around the Moon or 
Earth or to the International Space Station (ISS). 

Figure 88. Most Asteroids Are Grouped Inside the Asteroid Belt and the 
Kuiper Belt 

 Figure 89. 16 Psyche (the Largest Known M-Type Asteroid) Is Valued at 
Around $10,000 Quadrillion in Theory 

 

 

 
Source: ScienceABC  Source: Citi Research, NASA 
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NASA estimated the mineral wealth of the asteroids in the asteroid belt might 
exceed $100 billion for each of the six billion people on Earth. John S. Lewis, author 
of the space-mining book Mining the Sky, included an order-of-magnitude estimate 
of the economic value of the smallest known M-type near-Earth asteroid, 3554 
Amun. With the asteroid’s diameter of 2 kilometers and assumed composition 
similar to typical iron-type meteorites, Lewis calculated a market value (in 1996) of 
$8 trillion for its iron and nickel alone, another $6 trillion for its cobalt, and $6 trillion 
more for its platinum-group metals. Of course, this must not be taken too seriously, 
partly due to the large variations in commodity prices with time, and even more 
because of the great impact on market prices such huge quantities of materials, 
especially precious materials, would inevitably have. For example, there are more 
than 20 million tons of gold in the ocean's water, which is worth over $1,000 trillion 
currently; however, extracting out the gold would be so expensive that it would be 
sold at a loss.  

One of the most valuable asteroids, 16 Psyche (the largest known M-type asteroid), 
made its closest approach to Earth ever in 2020, at a distance of 1.6 astronomical 
units (i.e., 1.6x the distance between the Earth and the sun). NASA estimates in 
theory 16 Psyche is worth $10,000 quadrillion. The asteroid contains enough iron 
and nickel to cover the world’s needs for millions of years. NASA plans to launch a 
mission to 16 Psyche on a SpaceX Falcon Heavy rocket in August 2022, which will 
arrive on the asteroid in January 2026. 

The Moon Will Likely Be the First to Be Mined 
The Earth’s Moon will likely be the first to be mined in space. The Moon has been 
hit with asteroids, meteors, and comet dust since its formation, and has been 
relatively undisturbed by weather and oxidation.   

Geological surveys have shown than the Moon contains three crucial resources: 
water, helium-3, and rare-earth metals. Water is vital for supporting life and 
agriculture in space and can be converted into rocket fuel to propel mankind further. 
Helium-3 is a rare helium isotope that could be used for innovations in the energy 
sector — namely nuclear fusion. Rare earth metals are vital in emerging 
technologies, as well as the technologies we make use of every day, from 
smartphones and computers to medical equipment and car batteries. NASA’s Lunar 
Reconnaissance Orbiter (LRO) spacecraft, while searching for ice in 2009, also 
stumbled onto evidence of metal oxides (including iron and titanium) in large craters 
on the Moon.  

The key benefit with mining the Moon is that it is relatively close, taking only several 
days by rocket, and communication lags by only a couple of seconds, which will 
allow remote operation of robots from Earth. The low gravity also means that 
relatively little energy is needed to deliver resources to the Earth’s orbit.  

In September 2020, NASA announced that it was looking for private companies to 
collect and return dust and rocks between 50g to 500g from the surface of the Moon 
and NASA would buy these amounts for between $15,000 and $25,000. This is part 
of NASA’s Artemis lunar exploration program to land U.S. astronauts, including the 
first woman, on the Moon by 2024. Additionally, in April 2020, President Trump 
signed an executive order to encourage U.S. companies to mine the Moon and 
other celestial bodies for resources. This was partly driven by political tensions with 
China, which controls over 90% of the world’s production of rare earths.  
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While no spacefaring nation recognizes the Moon Treaty (a 1979 multilateral 
agreement that calls for the establishment of an international regime governing the 
Moon’s resources, among other provisions), the 1967 United Nations Outer Space 
Treaty states that no nation can claim ownership of the Moon. However, it has been 
questioned as to whether that treaty could be used to prevent private ownership.  

Additionally, given the large mass of the Moon (73 quadrillion tons), even removing 
one metric ton from the Moon every day, would take 220 million years to deplete 1% 
of the Moon’s mass. And even that would not be enough to cause a change of orbit 
or affect the gravitation that causes tides. However, the main concern is 
environmental damage and ethical concerns, from the impact on future generations, 
the importance of the Moon in human culture and heritage, and the visual impact 
from Earth. 

The Challenges of Asteroid Mining 
There are some key challenges to asteroid mining. One key issue is ownership — 
legally, nobody can own an asteroid. But the U.S. Space Act of 2015 allows 
companies to own the materials they mine from bodies in space. There are also 
challenges with getting an asteroid or part of an asteroid back through the Earth’s 
atmosphere or landing it without destruction. Additionally, this could lead to a 
potential oversupply of a mineral, which will result in a reduction in the value, 
particularly for the precious metals. Another problem is how to keep the asteroid 
from rotating while it is being mined — a potential solution is to attach rockets to the 
asteroid to take the spin out of it.  

Bringing an asteroid close enough to Earth to extract valuable materials depends on 
more than just the distance and size of the asteroid. One of the most important 
factors is the change in the asteroid’s velocity, or “delta V,” which would be required 
to alter the asteroid’s trajectory to one that would put it in orbit around Earth or the 
Moon. The amount of fuel required to push the asteroid would depend on both the 
asteroid’s mass and delta V, which can be quite significant. As a result, missions will 
likely need to be timed to take advantage of periods when the asteroid is already 
moving closer to the Earth. 

Companies will need to spend significant amounts of money testing plans in an 
environment that resembles conditions of outer space, including regolith simulators, 
vacuum chambers, computer modeling, and other testing equipment. Advances in 
other sectors and technologies may be required, or could potentially help accelerate 
space mining missions, including additive manufacturing (3D printing) to support 
base construction, artificial intelligence (AI) to run robots, and power reactors 
(possibly solar) to power the equipment and infrastructure required. 

There are also financial challenges before getting to that stage. One prominent 
company targeting asteroid mining was Planetary Resources which had raised 
~$50 million by 2016 from prominent investors. The company planned for its first 
asteroid mission in 2020 and by the mid-2020s planned to extract ice from asteroids 
near Earth and sell it in space as a propellant for other missions. Water can be 
broken into hydrogen and oxygen to make combustible fuel using solar power. 

However, after failing to secure a round of funding from an unnamed mining 
company in 2018, the company was sold to ConsenSys, a blockchain software 
technology company. In 2020, ConsenSys made all Planetary Resources’ 
intellectual property available to the public domain and sold all the remaining 
hardware assets. Another similar prominent company was Deep Space Industries 
(DSI), which was acquired by Bradford Space in 2019 and appears to have since 
shifted its focus away from asteroid mining to propulsion. 
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Figure 90. Planetary Resources: Business Case Infographic 

 
Source: Planetary Resources, Infographics Labs 

 
What Asteroid Mining Could Look Like 
There is still significant uncertainty what mining an asteroid or the Moon could look 
like by 2040, or if it is indeed financially viable by then. However, we believe: 

 Mining equipment will likely be solar powered and lightweight, to reduce the need 
for fuel. Additionally, most equipment will be robotic/autonomous to reduce the 
amount of supplies, like food, required for a manned mission. 

 Mining techniques could be similar to those used on Earth, by either scraping 
desired material off the asteroid or tunneling into veins of specific substances. 
However, these could be substituted or complemented by new techniques such 
as using giant mirrors to focus sunlight and heat up asteroid rock to boil out the 
gases, while grinders can break up the dried rocks into gravel and dust to make it 
easier to transport, and centrifuges separate dense from light elements. 

 Asteroids have nearly no gravity, so the mining equipment and astronauts-miners 
will have to use grapples to anchor themselves to the ground, and a large canopy 
might be used to prevent the mined minerals flying off. On the other hand, the 
lack of gravity is an advantage in moving mined material around without having 
to use much power. 

Once a load of material is ready to be sent to either Earth or a destination in 
space, rocket fuel for a ferrying spacecraft could be produced by breaking down 
water from the asteroid into hydrogen and oxygen. Because of the lack of gravity 
and atmosphere, ferrying the newly mined materials to the Moon will be relatively 
easy. For transporting to Earth, heat shielded capsules filled with gas bubbles 
could also be used and simply dropped into the oceans for ships to tow them 
away.  
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 Equipment will be modular so that it can easily be transported to the next 
asteroid after an asteroid's minerals and resources have been exhausted. 

 Most the extracted minerals will be used in space (in-situ resource utilization); 
however, we may also be able to use thrusters to nudge the asteroid into a 
trajectory that takes it near the Moon so its gravitational pull will put the asteroid 
into a stable orbit around the Earth.  

Mining the Moon Could Be Worth ~$12 Billion in Annual 
Sales by 2040  
It is extremely tricky to forecast what asteroid/Moon mining could be worth by 2040 
given that this has not really been explored as a feasible option as yet. We look at 
the potential for mining the three key resources on the Moon (water, helium-3, and 
rare-earth metals). Our base case is that by 2040, mining water will be the initial 
focus given its value for additional space missions as a rocket propellant and 
importance for any colonization and industrial efforts in space. 

Water: ~$11 Billion in Annual Sales by 2040 

Water on the Moon would be extremely valuable for additional space missions as a 
rocket propellant, such as deep space exploration or industrial production, and is 
essential for any colonization and industrial efforts on the Moon.  

A 2019 study by Watt, Griffis and McOuat (WGM), a well-known Canadian 
geological and mining consulting firm, suggested the demand for lunar-mined water 
could be ~28,000 tons by 2040, growing further to ~42,000 tons by 2050, looking at 
demand for satellite refueling, the Moon, a Mars space station, space agriculture, 
and tourism/hotels (see Figure 91).  

At our base-case launch cost forecast of $100 to low-Earth orbit per kg by 2040, 
sending a ton of water to the Moon — a much further distance, would cost 
~$400,000. Assuming supply can meet the demand, we forecast that sales could 
reach ~$11 billion by 2040. 

WGM estimates that water can be mined and processed on the Moon for around 
$500,000 per ton and estimates a market value of $206 billion over 30 years. 
Interstellar Mining, a company focused on developing and deploying the first robotic 
water mining operation on the Moon by 2024, suggested a net present value (NPV) 
of $40 billion using a discount rate of 20% and an internal rate of return (IRR) of 
1,677%, with at least 10 companies and agencies already ready to sign contracts 
for lunar water. The company is aiming to gain a first-mover advantage on lunar 
water and suggests that no new technology is required. 

Figure 91. Watt, Griffis and McOuat Estimate of Demand for Lunar-Mined Water (tons) 

 
Source: Conceptual Economic Study for Lunar Water Mining 

 

http://wgm.ca/en/2019/08/12/wgm-issues-conceptual-economic-lunar-water-mining-study/
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Helium-3: ~$1 Billion in Annual Sales by 2040 

There are currently no commercial suppliers of helium-3 on Earth (it accounts for 
~0.0001% of all helium on Earth) and only small quantities for research, but helium-
3 has been proven to be quite desirable for nuclear power. It could also be used as 
the primary fuel source for building infrastructure on the Moon or in space. However, 
the temperature required to achieve helium-3 fusion is extremely high. Estimates 
suggest that a helium-3 fusion power plant could cost ~$6 billion to build, which 
means that at electricity prices of ~5 cents per kilowatt hour (~5 c/kWh), breakeven 
would occur in the first year after five 1-gigawatt (1 GW) plants were in service (a 1 
GW power station typically produces ~3 GW hours of power, multiplied by 5c/kWh 
gets to ~$1.3 billion of revenues a year for each power station). 

Helium-3 levels on the lunar surface are estimated to be around 20-30 parts per 
billion (ppb). With a projected value of ~$1.4 million per kilogram, digging an area of 
2 square kilometers and 3 meters deep should yield ~100 kilograms of helium-3 
(enough to power a major city) and would be worth ~$140 million. By 2040, we 
estimate an initial ramp of ~7-10 such mines equating to ~$1 billion in annual sales, 
before expanding further. 

Rare-Earth Metals: Beyond 2040 

The use of rare-earth metals has skyrocketed over the last decade, given its usage 
in electric cars, cell phones, and new military equipment. The U.S., in particular, is 
looking to reduce its reliance on China (which controls over 90% of rare-earth 
metals), and is one of the factors driving NASA to launch the Artemis lunar 
exploration program by 2024.  

The tricky part of the feasibility of mining rare-earth metals is the high cost of 
transporting it back to Earth given its heavy weight and with demand driven by the 
Earth. 
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Space Logistics: Cargo Rockets 
Inter-City Cargo Rockets 

Cargo rockets, traveling through low-Earth orbit (LEO), have the potential to meet 
the demand for extremely fast shipping over long distances. Lower launch costs, 
driven by reusability and scale, the increasing demand for fast shipping, and an 
increase in launches of smaller satellites will be key drivers that make inter-city 
cargo rockets possible.  

In shipping, there is typically a premium on faster delivery — at current launch 
costs, inter-city cargo rockets will be at a significant premium to other modes of 
cargo transport, but also much faster. However, using our base-case forecast of 
launch costs of $100 per kg by 2040, the high price will mean that they are unlikely 
to be a credible alternative. However, using our bull-case scenario of $33 per kg or 
SpaceX’s target of $10 per kg will make inter-city cargo rockets a much more 
attractive alternative versus current alternative modes of cargo transportation, in 
particular air freight, as a more premium and faster service.  

But the freight transportation market will likely look very different by 2040, with new 
modes of cargo transportation potentially including drones, air taxis, and hyperloop; 
in addition to lower costs for existing modes, such as autonomous trucks and 
electric or hybrid power generation in trucks, ships, and aircraft. 

Figure 92. Cost per Tonne-km ($) of Various Cargo Transportation Modes vs. Average Speed 
(km/h) 

 
Source: Citi Research estimates 

 
Inter-Planetary Cargo Rockets 

The strong growth in the space ecosystem will mean there will be demand for 
logistical support in space. As part of NASA’s Artemis program to land on the Moon 
by 2024 and build a sustained presence on the lunar surface in preparation for 
human exploration to Mars, NASA also plans to create a small lunar outpost — the 
Gateway — which will orbit around the Moon. The Gateway will be the size of a 
studio apartment and feature living quarters and a space for research. The first part 
of this will be sent to space in 2022, and it is expected to be fully built by 2026. 
NASA has opened bids for ways to transport cargo, supplies, and equipment 
between Earth and the Gateway, via a 15-year contract worth $7 billion (~$500 
million in annual sales). Several logistics companies are reportedly working on 
technologies in response. 
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DHL has notably partnered with space launch and robotics company Astrobotic to 
launch its MoonBox™ service, which will be able transport cargo the Moon’s 
surface, for prices starting at $460 on Astrobotic’s Peregrine Moon Lander space 
vehicle. The vehicle is roughly the size of a compact car — just a little over 6 feet 
(1.8 meters) tall and 8 feet (2.4 meters) wide — and can carry up to 200 kg of cargo 
at a rate of $1.2 million per kg. 

Figure 93. DHL Moonbox: How It Works 

 
Source: DHL 

 
We Value the Market at ~$21 Billion by 2040 

We estimate that space logistics will be worth $21 billion in annual sales by 2040, 
driven mainly by inter-city cargo rockets in the timeframe.  

 Inter-City Cargo Rockets: We believe that cargo rockets could capture share of 
air freight given the premium price and short delivery time. The global air freight 
market, including both freighters and belly freight on passenger planes, is 
currently valued at ~$280 billion in annual sales and is set to grow to  
~$350 billion by 2040, based on a GDP-linked growth rate and ignoring the short-
term impact of the COVID-19 pandemic. We estimate steady market-share 
improvement from 2030 to 2040 to reach ~6% growth, giving us an annual sales 
value of ~$20 billion.  
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Figure 94. Forecast of Annual Sales ($ billions) of the Air Freight Market and the Inter-City 
Cargo Rocket Market Share (%) 

 
Source: Citi Research  

 
 Interplanetary Cargo Rockets: We estimate the interplanetary cargo market will 

still be relatively nascent even by 2040. As noted earlier, NASA has opened bids 
for ways to transport cargo, supplies, and equipment between Earth and the 
Gateway lunar outpost in the second half of the decade, via a 15-year contract 
worth $7 billion. We estimate that the market will be worth ~$1 billion by 2040. 
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Space Tourism and Inter-City Passenger 
Travel 
As space becomes more “mainstream” with more launches, lower launch costs, and 
better reliability/safety, we believe that it will become more accessible for the 
average person. Recent flights to space by Richard Branson and Jeff Bezos in July 
2021 showed that we are closer than ever to seeing their space tourism rockets 
open for the wealthy public. We believe we will initially start to see space tourism to 
the “Karman Line” (the boundary between the Earth’s atmosphere and outer space) 
and the International Space Station (ISS) over the next few years followed by 
tourism to the Moon towards the end of the decade. As space tourism becomes 
more accessible, we believe increased comfort with space travel and proven safe 
operation will enable affordable inter-city long-haul passenger travel on “Domestic 
Earth” routes, which could open up a much larger market.  

Space Tourism 

Space Adventures, a private U.S. company, transported seven “space tourists” to 
the ISS for a fee of around $20 million to $25 million each, between 2001 and 2009 
aboard a Russian Soyuz spacecraft, along with trained astronauts. However, Russia 
stopped space tourism in 2010, using the seats for the crew instead. In 2020, NASA 
started allowing private astronauts to go on the ISS.  

We believe that space tourism will initially be to the “Karman Line” (internationally 
recognized as where space begins) and the ISS. Towards the end of the decade, 
we believe we will start to see a larger number of commercial trips to beyond the 
Earth’s immediate orbit, starting with the Moon.  

The key benefit to space tourism is that unlike many new areas/applications of 
space, commercial trips to the Karman Line and potentially even the ISS are 
achievable over the next few years. This means that companies will not only be able 
to gain commercial space flight experience to help with other space projects, but it 
also provides a source of cash flow. Additionally, it allows companies to move up the 
learning curve quicker and provides scalability, which in turn reduces launch costs.  

As a result, there are several companies/rockets looking to pursue space tourism. 
Virgin Galactic has been on the forefront of space tourism, and had more than 600 
passengers signed up at a price of $250,000 each for a flight to the edge of space, 
but stopped sales in 2014 after a fatal accident on one of its test flights. Following 
the successful flight on the VSS Unity in July 2021, which included Richard 
Branson, the company has since reopened ticket sales starting at $450,000 a seat. 
Blue Origin is also expected to start selling seats shortly for suborbital flights on its 
New Shepard rocket following the successful launch of its test flight with Jeff Bezos 
in July 2021. Blue Origin expects ticket prices of between $200,000 and $300,000.  

Axiom Space has plans to build a private space station and arrange commercial 
trips using SpaceX’s Dragon Capsule, while SpaceX has also agreed to fly several 
commercial passengers, including the Japanese billionaire Yusaku Maezawa, 
around the Moon in 2023. Boeing may offer commercial flights with its Starliner 
capsule, while Rocket Lab is also developing a rocket to launch humans in space. 
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Figure 95. Seats in Blue Origin’s New Shepard Crew Capsule  Figure 96. Virgin Galactic Profile for Commercial Space Tourist Flights 

 

 

 

Source: Blue Origin  Source: Virgin Galactic 

 
Inter-City Space Passenger Travel (Domestic Earth) 

As space tourism becomes more widespread and accessible, we believe 
commercial passengers will become increasingly comfortable with the prospect of 
space travel. Additionally, the high number of commercial space flights, appropriate 
redundancies, and robust reliability/safety of operation, combined with the lower 
cost of operations, will enable affordable inter-city, long-haul passenger travel on 
“Domestic Earth” routes.  

The high ticket price would mean it is unlikely to take market share from long-haul 
wide body flights — but it could take market share from long-haul business jet 
flights. On our base case for launch costs in 2040, we estimate that it would cost 
~$100,000 to $200,000 for a long-haul inter-city rocket trip. With an occupancy of 
one to six passengers, this gives a range of $20,000 to $200,000 per ticket, with an 
average ticket price of ~$100,000. This compares to a Gulfstream G650 which costs 
~$5,000 per hour, or $30,000 on a nearly six hour trip, and is typically flown with 
only one to two passengers. This makes inter-city rocket travel a viable premium 
alternative to long-haul business jet travel for ultra-high net worth (UNHW) 
individuals, with a much quicker travel time. 

We Forecast ~$8 Billion of Annual Sales by 2040 

We estimate that the space tourism and inter-city passenger travel market will be 
worth $8 billion in annual sales by 2040.  

 Inter-City Passenger Travel: We forecast the market for inter-city space 
passenger travel could be worth almost $7 billion of revenues for operators by 
2040 assuming that it can capture ~20% of the long-haul business jet market by 
2040. Note that this does not include any potential latent demand — i.e., new 
UHNW passengers that would travel these routes now that the travel times are 
much shorter and would not have otherwise used long-haul business jets. We 
estimate there are currently around 3,600 long-range business jets in-service 
(e.g., Falcon 900, Falcon 7X, Global 5000), which will grow to ~6,000 by 2040. 
With an average price of ~$50 million and operational cost of ~10% a year, we 
estimate that the total addressable market for long-range private travel will be 
~$30 billion by 2040. 
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Figure 97. Value of Inter-City Rocket Travel and Market-Share Assumptions of Long-Range 
Business Jet (BizJet) Flights 

 
Source: Citi Research 

 
 Space Tourism: We forecast the market for space tourism could be worth $1 

billion in revenues by 2040, assuming ~4,000 passengers a year travelling to the 
Karman Line (at a ~$50,000 ticket price), ~2,500 travelling to the ISS (at a 
~$150,000 ticket price), and ~600 passengers a year travelling to the Moon (at a 
~$650,000 ticket price). 

The Market Can Be 5x-10x Higher If It Can Capture Share of Long-Haul 
Wide-Body Flights  

Our 2040 revenue forecast could be much higher if launch costs are low enough for 
inter-city rocket travel to capture market share from long-haul wide-body flights. Our 
current estimates are for an average long-haul inter-city rocket trip to cost 
~$100,000, compared to an average of ~$5,000 for a first-class ticket, ~$2,000 to 
$4,000 for a business-class ticket, and ~$1,000 for an economy-class ticket on a 
similar route. We do not believe this is competitive enough to capture market share 
from traditional commercial long-haul flights.  

If launch costs improve beyond our base-case and bull-case scenarios, towards the 
SpaceX Starship target ($10/kg), we believe inter-city space travel costs can be 
competitive enough to capture share of first-class and business-class travelers on 
long-haul wide-body routes.  

Our proprietary flights tracker suggests that pre-COVID-19, approximately 18% of 
wide-body flights, or ~550,000 wide body passenger flights a year, were on routes 
of over 5,000 kilometers (or ~10 hours total flight time versus <1 hour for a rocket 
with only a few minutes of cruise time). Assuming wide-body flights grow by ~3% 
per year out to 2040 and that the first-class and business-class passengers make 
up ~15% of passengers on these flights, we estimate the value of inter-city rocket 
travel could be worth ~$50 billion in annual sales by 2040. This is based on inter-
city rocket travel capturing ~10% of first-class and business-class passengers on 
long-haul (>5,000 km) wide-body routes.  

As with our base case, this does not include any potential latent demand — i.e., 
demand from additional passengers who would now travel these routes given the 
shorter travel times that would not have made the trip otherwise. 

0%

20%

40%

60%

80%

100%

0

2

4

6

8

10
($bn)

Value of Inter-City Rocket Travel (LHS) Market Share of Long-Range Bizjets (RHS)



May 2022 Citi GPS: Global Perspectives & Solutions   

 

© 2022 Citigroup 

81 

Figure 98. Stage Length of Wide-Body Flights in 2019  Figure 99. Value of Inter-City Rocket Travel and Market Share 
Assumptions of First and Business Class Passengers on Long-Haul 
(>5,000 km) Wide-Body Flights 

 

 

 
Source: Citi Research, FlightAware, Cirium  Source: Citi Research 

 

  

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0 2,000 4,000 6,000 8,000 10,000

C
um

ul
at

iv
e 

Pe
rc

en
t o

f F
lig

ht
s

Distance (miles)

0%

15%

30%

45%

60%

75%

90%

0

10

20

30

40

50

20
20

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

20
31

20
32

20
33

20
34

20
35

20
36

20
37

20
38

20
39

20
40

($bn)

Value of Inter-City Rocket Travel (LHS)
Market Share of 1st & Business-Class Passengers (RHS)



 Citi GPS: Global Perspectives & Solutions May 2022   

 

© 2022 Citigroup 

82 

Microgravity R&D and Construction  
A less-discussed aspect of space-based resource utilization comes from the impact 
that gravity (or a lack thereof) can benefit research and development (R&D) and 
construction. Space opens up an entirely new way to manufacture goods, 
particularly for the heavy industries, and conduct pharmaceutical R&D given the 
various properties and limitations.  

Construction in Space 

Jeff Bezos has spoken about imagining heavy industry moving to space, given the 
large amounts of energy and resources needed, and Earth becoming a residential 
area. This is important for ESG concerns as concrete, for example, is responsible 
for ~5% of global CO2 emissions.  

Low gravity in space means heavy industry construction is much easier and does 
not require heavy, expensive, and heavily-polluting machinery to handle. For 
example, three astronauts in 1992 caught and stopped a 4.5 ton satellite from 
drifting away and moved it back into position. The Moon’s lower gravity (16% of 
Earth’s) also means that one could lift 6.25x the amount than on Earth. 

In addition to the low gravity, temperatures in space are more extreme, solar energy 
is abundant, and the vacuum of space has some unusual attributes. For example, 
similar metals fuse together when put in contact with each other (known as cold 
welding).  

There are also several products where experiments have shown a better outcome 
in microgravity environments. ZBLAN optical fiber, for example, is more efficient 
than widely used traditional fiber optics (potentially 10-100x lower optical loss); 
however, the Earth’s gravity means that it has imperfections when created. Typical 
fiber optic cable costs $3,000 to $5,000 per kilogram, but exotic fiber optic cable, 
such as ZBLAN, can cost up to a few million dollars per kilogram. Three companies 
are currently using the microgravity conditions on the International Space Station 
(ISS) National Lab to produce ZBLAN optical fiber. 

Similarly, microgravity-produced silicon carbide, which is formed into wafers to 
power electronics and LED lights, eliminates up to 90% of power losses of the 
silicon wafers produced on Earth, which suffer from gravity-based defects. 
Additionally, the weightless environment enables the formation of alloy and 
superalloys as it allows the structure to be driven by diffusion rather than gravity-
driven sedimentation, which allows molecules to be distributed evenly in the 
material and results in a more uniform microstructure. 

Microgravity and Pharmaceutical R&D 

One area that is of particular focus is the impact of microgravity on atoms and 
molecules. Pharmaceutical companies study the proteins in our bodies to design 
treatments and drugs (e.g., both penicillin and HIV treatments were developed this 
way). However, protein crystals are impacted by small changes in heat or pressure, 
such as the impact from gravity. A study by NASA suggested that 40% of crystals 
grown in microgravity were larger and more detailed in space. This could potentially 
help companies conduct better and cheaper research to discover new proteins and 
drug treatments.  

  

https://www.youtube.com/watch?v=r9p3QOwCXsc
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Another area that is a focus for biotech companies is 3D-printing artificial organs in 
a microgravity environment. In the absence of gravitational forces, lower-viscosity 
bioinks can be used, improving the printability of bioinks and the viability of cells. 
This allows the creation of more complex tissue structures such as vascular tubes 
with retained internal lumens and spaces and could help companies looking to use 
bioprinters to print beating heart patches aboard the ISS. The key advantage to 
doing this in a microgravity environment is that it maintains its shape without the 
need for a support structure (scaffolding), which makes it difficult to construct the 
necessary small void spaces in tissues. 

Figure 100. 3D Bioprinting a Heart  Figure 101. The Made in Space Additive Manufacturing Facility (AMF) 
for 3D Printing Tools, Currently Onboard the ISS 

 

 

 
Source: Axiom Space  Source: Made in Space 

 
We Value the Market at $14 Billion by 2040 

Assuming that microgravity R&D grows to represent ~4% of pharmaceutical R&D 
spend by 2040, while space-based construction grows to represent ~4% of heavy 
construction equipment (equipment used in mining, construction, manufacturing, oil 
and gas, public works and rail), we estimate a market value of $14 billion in annual 
sales by 2040.  
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Beyond 2040: Colonizing Mars  
Colonization of Mars has been theorized for decades by space agencies and private 
companies, in addition to science fiction writers and filmmakers. Cheaper launch 
costs, and the corresponding increase in space infrastructure (e.g., on the Moon) 
and the increase in use cases for space, will mean that human missions to Mars are 
achievable in the next decade.  

The reasons for exploring colonization of Mars include curiosity, potential to provide 
more in-depth research, mining of its resources, and the possibility that the 
settlement of another planet could decrease the likelihood of human extinction in 
the event of a catastrophe on Earth. However, the challenges include radiation 
exposure during the trip to Mars and on its surface, isolation on the trip (8-9 
months), toxic soil (high concentration of dangerous compounds as well as the 
health risks from Martian regolith dust), low gravity, a scarce amount of water, and 
an atmosphere with lethal low pressure, lack of oxygen, and extremely cold 
temperatures. 

Several landers and rovers have already landed on and explored the surface of 
Mars and found some similarities between Mars and Earth that make it potentially 
compelling as a choice for colonization: 

 A day in Mars is very close to a day on Earth at 24 hours, 39 minutes and 35 
seconds. 

 Mars has a surface area that is 28.4% of Earth’s, which is slightly less than the 
amount of dry land on Earth (29.2%). 

 Mars has seasons much like Earth; however, on average they last nearly twice 
as long as the year is equivalent to about 1.88 Earth years. 

 NASA's Mars Reconnaissance Orbiter and its Phoenix Lander, as well as the 
European Space Agency’s (ESA’s) Mars Express have all confirmed the 
presence of water ice on Mars, but it is still very scarce. 

Several organizations are exploring the concept of a settlement on Mars, including 
space agencies — such as NASA, ESA, Russia’s Roscosmos, the Indian Space 
Research Organisation (ISRO), the China National Space Administration (CNSA), 
and the UAE Space Agency — as well as private organizations (i.e., SpaceX, 
Lockheed Martin, and Boeing). 

SpaceX plans to use its Starship spacecraft to reach Mars, using a tanker to refuel 
on orbit. As shown in Figure 102, the Starship will be launched with the Super 
Heavy booster, which will separate returning to Earth to be reused (stage 1). A 
refilling tanker will then be launched to refill the Starship in low-Earth orbit (stage 2 
and 3). Once fully refueled, the Starship will travel from Earth’s orbit to Mars (stage 
4). When Starship lands on Mars it will be refueled using Mars’ local resources of 
H2O and CO2 (stage 5).  

SpaceX plans to fly a cargo Starship to Mars by 2024 and the first two-crewed 
Starship by 2026. In 2017, the UAE announced a plan to establish a settlement on 
Mars in ~100 years (2117). 
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Figure 102. SpaceX’s Planned Journey to Mars 

 
Source: SpaceX 

 
Habitable Structures or Terraforming  

At an average of 610 pascals (Pa), atmospheric pressure on Mars is well below the 
“Armstrong limit” at which people can survive without pressure suits — for 
comparison, atmospheric pressure is 33 kPa on the Mount Everest summit, and  
101 kPa on Earth at sea level. Additionally, the atmosphere is also toxic as it 
consists mostly of carbon dioxide (95% CO2, 3% nitrogen, 1.6% argon, and 0.4% 
traces of other gases including oxygen).  

As a result, we would either need to construct habitable structures with pressure 
vessels similar to spacecraft or Mars will need to be “terraformed” — i.e., converted 
to sustainably host human life through rehabilitation of the planet’s climate, 
atmosphere and surface, and installation of ecological systems. However, this is all 
hypothetical, as the technology to do this does not exist. 

Figure 103. Mars Base Hypothesized by SpaceX  Figure 104. Mars Base Hypothesized by SpaceX 

 

 

 
Source: SpaceX  Source: SpaceX 
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NOW / NEXT 
Key Insights Regarding the Future of Space 
 

  

 
COMMODITIES As the Earth’s population grows and resource depletion becomes more real, the 

potential to extract elements and minerals from asteroids and return these to Earth 
becomes more attractive. / One platinum-rich asteroid could contain more platinum-
group metals than what has been mined on Earth in all of its history. 

 

 
 
  

 
SUSTAINABILITY Earth observation has historically been dominated by forecasting weather and 

natural disasters. / The strides in satellite technology, quality of satellite imagery, 
and applications of big data transfer mean that space could be crucial in helping 
nations and companies address many of the UN Sustainable Development Goals. 

 

 
 
  

 

TECHNOLOGY Satellites have typically been large, geostationary assets that enable a wide range 
of communications and intelligence outcomes. / New technologies including infrared 
communications and synthetic aperture radar are enabling faster throughput 
speeds and better network load management in communications, along with faster 
refresh rates and wider area monitoring in intelligence. 
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