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Abstract - One of the most conceptually ambitious infrastructural projects of the twenty-first century is
space-based sunlight redirection. Reflect Orbital, a commercial space technology firm is working on a
constellation of orbital mirrors that will capture solar energy that would otherwise entirely miss the Earth
and redirect it as a configurable, on-demand light and energy service to authorized places on the ground.
It is an analytical piece on the company, its technology, and roadmap, and it is explored in four critical
analytical perspectives, which are societal utility, corporate business value, environmental sustainability,
and geopolitical governance. Based on the published service specifications, constellation development
schedule, and publicly announced uses in energy, disaster response, industrial operations, agriculture, and
defense, this paper assesses both the transformative and substantive risks of orbital illumination at scale
deployment. It is determined that although the technology holds real potential to tackle energy poverty,
lengthen the renewable generation window and disaster response precision, unresolved environmental
issues, governance, and dual-use risks present are raised that must be addressed through structured
international engagement before the large-scale implementation can occur. The article wraps up by
pointing out areas of priorities where research, policies, and cross-sector cooperation should focus to make
sure that the demonstration satellites transition to a 50,000-satellite constellation can be used to the
common good of humanity, not to serve commercial interests.

Keywords: space-based solar, orbital illumination, sunlight redirection, energy infrastructure, light pollution
governance, space commercialization, renewable energy extension.

1. INTRODUCTION

1.1 Rethinking the Sun as a Controllable Resource

Ever since its inception, sunlight has ruled human civilization. Agricultural periods, city planning, routes, and
war tactics have all circled about the unquestionable fact that the sun rises and sets without consulting.
Millennia-long, the day-night boundary was a difficult boundary on what humans could do, and the most
accessible solution was to prepare workarounds: torches, oil lamps, gas lighting, electrical grids, diesel
generators, and most recently battery storage systems. All these technologies were solutions at the point
of consumption, trying to devise a means of producing useable light and power over the hours that the sun
was not in the sky. No one asked the question, was it necessary that the sun should not come.

Reflect Orbital is questioning that assumption. The main argument the company puts forward is that at
any given time around 2.2 billion times the amount of solar energy misses the earth compared to hitting it
and that the planet absorbs only a very small percentage of the amount of energy that the sun is
producing. The company plans to capture some of that otherwise untapped solar flux, by launching a
constellation of small orbital mirrors, and redirect it as a focused, directed, adjustable beam of natural
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sunlight down to specific locations on the ground. The service is demand driven, can be scaled down to the
equivalent of a full moon to the equivalent of high noon, and the end user needs to have no new ground
infrastructure to use it. The publicly available roadmap of the company states that the constellation will
start with two demonstration satellites in 2026, grow to over 1,000 satellites in 2028, up to around 5,000 in
2030, and over 50,000 in 2035.

RETHINKING THE SUN AS A CONTROLLABLE RESOURCE: THE REFLECT ORBITAL CONCEPT
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Fig -1: The Reflect Orbital Concept

What this roadmap means, should it be implemented as stated, goes way beyond a new commercial
product. The ability to control, on-demand sunlight would be a novel type of infrastructure, one that would
lie at the nexus of energy, civil security, food security, industrial productivity, and national defense. In this
article, the author discusses what that infrastructure might plausibly provide, what are the risks associated
with its provision, and what should be the circumstances so that the benefits of the society are higher than
the costs.

2. OBJECTIVES

The article has four goals of research that are interrelated. The former is to explain and frame the sunlight
redirection technology in Reflect Orbital in the context of the wider history of space-based energy and
infrastructure development, which will form a factual basis on which future analysis will be based. The
second one is to consider the application of on-demand orbital illumination to society, namely, its ability
to alleviate energy poverty, improve disaster response, and agricultural productivity in areas with sun
limitations. The third is to estimate the corporate and economic value proposal to the industrial, utility and
defense stakeholders, how the orbital light services on subscription could transform energy procurement
and operational planning. The fourth is to recognize and examine the environmental, astronomical and
geopolitical risks of large satellite constellations aimed at redirecting the natural sunlight, and suggested
governance systems that would moderate the potential of such risks without eliminating the
transformative potential of the technology.
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3. HISTORICAL CONTEXT FROM PASSIVE SOLAR TO ACTIVE ORBITAL REDIRECTION

In order to value what Reflect Orbital is trying to do, it is useful to learn more about the way human
civilization and solar energy have developed over the years. Solar energy has been passively used in most
of recorded history buildings were oriented to get winter sun, crops were planted based on solar calendars,
and processes to dry, heat, and preserve goods were based on direct exposure. It was not practically
demonstrated until the mid-twentieth century that the active conversion of sunlight into electricity could
be achieved, and the first silicon solar cells were made in the 1950s. Large-scale commercial deployment
of solar photovoltaics did not pick up pace until the late 2000s, as manufacturing advances reduced the
cost of panels by over 90 percent in about ten years.

HISTORICAL CONTEXT: FROM PASSIVE SOLAR TO ORBITAL SUNLIGHT REDIRECTION

CENTURIES OF PASSIVE SOLAR UTILIZATION \ SPACE-BASED SOLAR POWER

(Ancient to Early Modern) o,

Traditional SBSP

BUILDING ORIENTATION (AC ION)
Block summersun  Admit R
N winter sun

exposure

GIANT SOLAR ARRAYS <€ = .
CONVERTS LIGHT \ Y & MICROWAVE/LASER  * High Launch Costs
TO LIGHT TO __ POWER TRANSMISSION  * Complex Transmission

ELECTRICITY &

Farmers using solar calendars Goods, fruits, fruns, PETER CLASER

o A5
to block summer sun admit winter sun fonns for planting preserving goods CONCEPT (1968)

MID-20TH CENTURY: ACTIVE CONVERSION BEGINS

First practical solar cells

THE CRUCIAL DISTINCTION [IRURECALVANACES

« Prohibitive Capital Cost

SILICON SOLAR CELL TRADITIONAL sssp REFLECT ORBITAL [Nyt se
m N-type, (1950s N-type, (SUBSTI'I’UTIVE) (ADDITIVE) + Complex Transmission >
T P-type N P-type o
: ‘"&.‘é o silicon @
Shan | , | d PTICAL REDIRECTION
N % 4 (P E METHOD)
£ 2 SBSP: New space Adds to pirodnuntive
i Snype: et generation & geditRctors STl 3 — OPTICAL REDIRECTION
type mirrors, lower cast, 2 N
Electricity generation from sunlight ot T % : 4 Nt r':g TS::rEsE»fggl\c’)ErfSION'
1o Uit i eSS ﬁ?’ INFRASTRUCTURE
ADDITIVE X 7
MODERN COMMERCIAL DEPLOYMENT & LIMITATIONS (Post-2000s) commerciAL IS gl
MODEL: PASSIVE LEVERAGES

90% COST REDUCTION Van THE INTERMITTENCY ISSUE Adds to productive MIRRORS EXISTING
100 IN ABOUT TEN YEARS of aiready existing GROUND ASSETS
80

billions in assets
— /'\ REFLECTING
ﬁ, \ NATURAL SUNLIGHT
o *‘, DIRECTLYEXING
”;é\‘ S p CROUND-BASED o
T >
% -; VEBHOURS OF 1618 HOURS
0 2 4 6 10 122 1 16 COMMERCIAL l,‘l'gam,ﬁgsw OF LOW/NO

3

COST PANELS
N B
3 o

ABOUT YEARS PHOTOVOLTAICS REGIONS IRRADIANCE

Fig -2: From Passive Solar To Orbital Sunlight Redirection

The basic limitation was the same all the way along that line. The output of solar panels is only as much
electricity as sunshine provides, and in the sunniest regions it only receives about six to eight hours of
maximum output a day. The other sixteen to eighteen hours have to be covered by alternative sources of
power, storage or by cutting down the demand. Cost and performance of battery storage have advanced
significantly, although grid scale storage that can sustain large populations during multi-day intervals of
low solar irradiance is costly and technologically difficult. The intermittency issue remains to be unsolved.
It is controlled, at great expense.

Space-based solar power The concept of solar power in space, harvesting sunlight in orbit and sending it
back to Earth in the form of microwaves or lasers, was first suggested by Peter Glaser in 1968. Different
national agencies and research institutions revisited the concept periodically over the next several
decades, although the economics here never closed, mainly due to the prohibitive cost of capital
investment by launch costs. The way Reflect Orbital is doing things is fundamentally different than how
Glaser initially envisioned it. Instead of using solar energy in space and transmitting the solar power as
electricity to the receptor stations on the ground, the company merely reflects the sunlight itself with
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passive mirrors. Orbit energy conversion, no transmission infrastructure and no receiving station. The
conversion work is all done by the ground-based solar panels which already exist. Orbital is purely optical
redirection. This is an important distinction as it makes the technical task significantly easier and less
infrastructure is needed to support it. Passive mirrors are much simpler and cheaper to construct, deploy
and use as compared to photovoltaic arrays mounted on satellites and using microwave transmission
systems. The service is based on the ground-based solar infrastructure, which already cost billions of
dollars to be constructed. In this respect, the commercial model of Reflect Orbital is additive and not
substitutive, it adds to the productive potential of the already existing assets, but does not substitute them.

4. CURRENT TRENDS THE CONVERGENCE THAT MAKES THIS POSSIBLE

A number of independent trends in the early 2020s combined to enable Reflect Orbital to offer its proposal
in a technically and economically viable way that it would not have been a decade prior. These trends are
also important when it comes to assessing the credibility of the company, as well as the rate with which
the roadmap can be implemented.

CURRENT TRENDS: THE CONVERGENCE THAT MAKES THIS POSSIBLE
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Fig -3: The Convergence That Makes this Possible

The greatest trend is that of drastic decrease in launch costs due to fully reusable rocket technology. The
Falcon 9 of SpaceX made it nearly 80 percent cheaper to launch a kilogram to low Earth orbit, than the
previous generation of expendable launch vehicles. The creation of the fully and rapidly reusable Starship
is bound to cut down the costs by an even greater order of magnitude. A constellation of 50,000 satellites
is economically feasible at a few million dollars per mission per-launch cost; not feasible at the launch
prices of the 1990s. The whole business model of Reflect Orbital is based on the further reduction of the
price of launching, and the tendency is already developing in the right direction.
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The second trend is the maturity of the small satellite production. Small satellite platforms and CubeSats
are now sufficiently powerful and cheap to permit a startup to launch demonstration satellites with low
venture capital instead of the government budget. The experience with the Starlink and OneWeb
constellations that have deployed thousands of satellites in quick succession have developed a supply
chain and operational roadmap that could be adapted by later entrants. Reflect Orbital enjoys the direct
benefit of this institutional knowledge despite its satellite design, optimized to reflectivity and not designed
to communicate, being very different to its predecessors.

The third tendency is the increased pace of renewable energy adoption and the increased business
imperative to deal with solar intermittency. Corporate renewable energy buying has increased significantly,
and large technology firms, power firms, and manufacturing industries have set their clean energy
ambitions that need continuous 24/7 renewable energy. There are emerging technologies of battery
storage and long-duration energy storage, although the cost and scalability of those technologies is an
ongoing point of discussion. This provides a market demand to any technology that can lengthen solar
generation without capital intensity of large storage installations.

The fourth trend is increasing energy poverty as a development and humanitarian agenda. Goal 7 of the
United Nations Sustainable Development Goals aims at making sure that by 2030, all people in all member
states have access to affordable, reliable, sustainable and modern energy. There has been unequal
progress toward that objective, with the communities most distant to grid connectivity being the ones most
reliant on the most expensive and polluting methods such as diesel fuel and kerosene. Any technology
which can scale up the usefulness of low-cost solar installations in non-grid contexts is intrinsically
consistent with development finance and humanitarian procurement.

5. SOCIETAL SOLUTIONS, WHERE TECHNOLOGY MEETS REAL HUMAN NEEDS

5.1 Addressing Energy Poverty Through Solar Extension

The 700 million or so people around the world who cannot rely on electricity are, without the majority of it,
not in those areas where the sun does not shine. They are deployed where the economics of grid extension
is not favourable and where the capital cost of battery storage is not affordable by local income levels.
Solar panels are already widely used in many of these communities as one of their major sources of power,
however the time frame of power generation is restricted to the daytime and the night hours, when the
household is the most active are still powered by diesel, kerosene or simply by darkness.

The energy service tier of reflect Orbital is the one that takes care of this gap. The system can provide extra
solar panels with 50watts in the square meter of extra solar irradiance during 20 to 30 minutes after sunset
as projected in the 2030 service tier to help existing solar panels to charge battery systems during the hours
when they are otherwise idle. This does not involve any ground equipment. The home or community with
panels already installed, with an existing charge controller and already with batteries gets more charging
capacity just by subscribing to the orbital illumination service in approved coverage areas.

The economic rationale behind this model is strong when communities in which quality-of-life changes in
energy access are marginal are involved. Two more hours of evening light making use of long-time solar
charging would enable kids to study at night, small enterprises to work extra hours, and healthcare facilities
to chill vaccines without diesel backup. These are not fringe benefits to well-being. They signify significant
shifts in the living standards in areas where energy access is currently quantified in a few hours per day.
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SOCIETAL SOLUTIONS

WHERE TECHNOLOGY MEETS HUMAN NEEDS
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Fig -4: Societal Solutions Where Technology Meets Humans Needs

The practical constraint is the time frame. The demonstration 2026 itself (0.1 lux in five minutes) is enough
to prove the technology but is not enough to provide any meaningful social benefit. The 2028 service which
has the 2 lux at all times and 100 lux at two hour intervals starts to become realistic as far as lighting
applications are concerned. The energy service tier will not generate a significant generation capacity until
2030. Energy poor communities cannot afford to wait four years until orbital solutions are developed, and
this implies that the short-term worth of this technology is more of a demonstration than an operational
one to the communities who are most in need. It is a caveat that development agencies and humanitarian
organizations considering the technology must keep in mind.

5.2 Disaster Response and the lllumination Gap

Nighttime disaster response is one of the most evident examples of why on-demand illumination can be
truly life-saving. Darkness search and rescue missions are less efficient and more hazardous to the
responders and slow to find survivors. The operations in the medical field need constant light to carry out
triage, surgery, and monitoring of patients. The displaced population should have evacuation routes that
are visible so that they can move safely. Traditional answers to these demands include logistic chains that
are susceptible to the same disaster that drives the need.

The disaster response application of Reflect Orbital is not based on the entire constellation. A 5-kilometer
area can be covered by two or three strategically deployed satellites with a scheduling of shining to
streetlighting brightness at least once in a single night. In the case of a disaster management agency with
pre-established service agreements, it may be as straightforward as a software request after an
emergency has been proclaimed. No equipment should be taken to the disaster area. There is no fuel that
has to be transported. The light reaches the orbit on the next orbital pass.
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The organizational needs to do this work are huge. There would be the requirement to have emergency
management agencies with pre-authorization structures with the national regulators, include orbital
illumination in their operational planning procedures and to train field commanders in how to coordinate
ground operations with orbital illumination plans. It is not that they cannot be overcome, but they are real
organizational investments that should be addressed, along with the technical development. The
commercial model of Reflect Orbital seems to consider direct service contracts with authorized end users,
which in the disaster scenario would probably consist of national civil protection agencies, military
humanitarian commands, and international organizations such as the UN Office for the Coordination of
Humanitarian Affairs. The most important point is that the orbital illumination to respond to disasters is not
substitution of standard emergency management capacity. It is an addition that fills a particular gap at
any given time in the operational cycle, namely the time directly after a disastrous event where traditional
logistics has not yet reached the scene. When applied to that, even a humble ability to illuminate can have
disproportionate effect.

6. CORPORATE BUSINESS VALUE, THE ECONOMICS OF CONTROLLABLE SUNLIGHT

6.1 Utilities, Data Centers, and the Capacity Factor Calculation

Capacity factor in utility economics is the ratio of the actual energy generated during a time frame to the
maximum that could have been generated should the generation asset have operated at full capacity at
all times. In the case of solar photovoltaic installations, the capacity factors are normally between 15 and
25 percent based on the location, the panel orientation and the weather patterns in the area. This implies
that even in good climates, the solar panels are producing at their rated capacity only a fraction of the
available hours.

THE ECONOMICS OF CONTROLLABLE SUNLIGHT: CORPORATE BUSINESS VALUE & INDUSTRIAL PRODUCTIVITY

A Reflect Orbital Business Case Analysis
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Fig -5: The Economics of Controllable Sunlight
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Reflect Orbital energy service provides incremental irradiance at twilight and early mornings, and is an
effective way to add more hours per year to the time a solar farm can be functioning above its minimum
generation threshold. In the case of a Southern California utility, the company predicts that the 2030 service
tier, with 50 watts per square meter of service 20 minutes per year, would boost the annual capacity factor
by about 0.75 percent. In the case of Germany, where the number of days in winter is less, and the sun angle
is lower, this figure increases to 1.4%. These are very small numbers in percentage terms but when translated
financially are important in large installations.

A 1-gigawatt solar plant with a baseline capacity factor of 20% produces about 1.75 terawatt-hours per
year. An increase of 0.75 in capacity factor increases the annual output by around 13 gigawatt-hours, and
at a wholesale price of 50 dollars per megawatt-hour, this translates to about 650,000 dollars in increased
annual revenue of a single installation. The value is compounded within a range of installations. To utilities
which have already invested in the capital investment to obtain solar infrastructure, any technology that
enhances the payoff on that capital investment without extra ground level capital is taken seriously.

Calculus is a bit different in the case of hyperscale data centers that run on 247 carbon-free energy
commitments. These organizations are not just in search of more kilowatt-hours. They require clean energy
throughout the day, through the early morning and the late evening, when the production of solar energy
is low, and the wind is not always enough. The marginal cost of power with no carbon at these times is
significantly greater than in the daytime on average, since it involves either costly battery dispatch or
buying green tariffs that are not necessarily being produced at the time. Twilight illumination would be able
to offer truly extra solar generation just at the hours when clean energy is the least and is the most valuable.

6.2 Industrial Productivity and the Hidden Cost of Darkness

There is a promising and untapped market in remote operations of industries where orbital illumination
can be used. The same thing applies to open-pit mining in northern Canada, construction projects in the
Sahara, and the offshore platform maintenance projects in the arctic waters the traditional lighting
infrastructure is costly, logistically challenging and expensive to install and maintain. The entire mining
operation of a subarctic area could burn hundreds of thousands of liters of diesel fuel each year just to light
the place, and all the trucking facilities, storage potential, and carbon emissions involved with that.

The economics of substituting fuel-powered lighting with orbital light are simple in concept. The resulting
operational costs of the diesel-powered floodlighting are recurrent and increase with the cost of fuel, and
have long-term environmental liability. Orbital illumination, when the service is commercially offered and
at a competitive price, transforms that operational cost into a subscription fee that is not contingent upon
fuel supply, or logistics infrastructure. This is not just a cost optimization in operations in remote location
where the diesel resupply is a serious logistical burden. It is a measure to reduce risk.

Dynamic repositioning of the service of Reflect Orbital, to position the lit spot where required, brings
operational flexibility that fixed lighting infrastructure cannot bring. The active work face on a construction
site that moves day by day, a mining operation that changes its extraction area on a weekly basis, or a
logistics yard where loading operation could center on a different point based on cargo movements would
all be benefited by illumination that could be redirected based on operational requirements rather than
being fixed to the infrastructure installed at the time of original set-up.

The subscription format of the company ordering system based on the application implies the project-
type nature of most industrial activities. An orbital illumination would be used by a construction company
operating on a specific project in an isolated area as long as the project lasts and no more after that.
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Structurally, this is analogous to equipment rental as opposed to equipment ownership, a common
business model among construction and mining operators.

7. THE COMMODIFICATION OF NATURAL COMMONS, LEGAL OWNERSHIP, COMMUNITY CONSENT,
AND THE RIGHTS OF THE UNLIT

Throughout the history of law, sunshine has had its place of honor. It does not belong to any nation,
corporation or individual. It befalls all alike, and is subject only to the law of orbital geometry and
atmospheric conditions. Quietly challenging this assumption, Reflect Orbital offers to redirect sunlight on
command, to paying clients, in approved places. The legal and ethical implications of this change between
the natural phenomenon and the commercially mediated service should be explicitly discussed.

The Commaodification of Sunlight: Legal, Ethical, and Equity Implications of Orbital Solar Redirection

Sunlight as a Natural Commons Redirection of Sunlight via Access to Sunlight as a
(Pre-Commercialization) Commercial Satellite Commercial Service
Reflect
g Orbital
o A % Purchased
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The commercial control of sunlight raises fundamental questions of legal ownership, community consent, equitable access, and cultural rights.
Policy frameworks and inclusive governance are essential before commodifying the natural commons.
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Fig -6: The Commodification’s of Sunlight

7.1 The Outer Space Treaty and Property Rights in Natural Light

Outer space, including celestial bodies, is not to be claimed by a nation by virtue of sovereignty, by
occupation, or in any other way. The treaty explicitly excludes cases of commercial actors redirecting solar
radiation as a commercial activity since there was no commercial actor of this kind in 1967. What Article |
does define is that the exploration and use of outer space will be conducted in the benefit and in the interest
of all countries. In commercial arrangements with licensed local governments to redirect sunlight to paying
clients is in real legal conflict with that value, especially when pricing mechanisms are exploited to
effectively restrict access to the service to rich countries or to large companies and leave energy-
impoverished communities unable to afford the service.

The issue concerning the right to permit or deny orbital illumination within a certain territory is not discussed
by the existing law. Service may be approved by a national government within its borders. But what of
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transboundary areas, international waters or of areas in dispute between states? That there is no legal
framework does not imply that the question is scholarly. It implies that the initial disputed deployment will
establish precedent otherwise without any intentional regulation, which is not usually the best method to
legislate.

7.2 Community Consent and the Right Not to Receive Light

Reflect Orbital's design principle that the service operates only when requested and approved by
appropriate local authorities is an important safeguard. It lays a framework of consent at the government
level. Nevertheless, governmental approval does not equate to community consent and the difference is
relevant in both democracies and non-democracies. An orbital illumination can be authorized by a
national government over an agricultural area. There is no guarantee that individual farmers in that region
who might have crops that are susceptible to a lack of photoperiod are consulted. A local government may
order disaster lightening to be shed over a house block. The current system does not provide an apparent
way of dissent to residents in that neighborhood, who might have religious, cultural, or personal objections
to disturbed nights. These are not hypothetical edge cases. Night sky has a strong cultural and spiritual
meaning in a number of indigenous communities in North America, Australia and the Arctic. The fact that
it is assumed that bringing those skies to light by the use of a commercially controlled satellite service is a
neutral, or otherwise positive act, is indicative of a specific cultural viewpoint that is not necessarily
universal.

7.3 The Commodification Question

Probably the most structurally important matter is that this technology sets a precedent of
commercialisation of natural phenomena. The sun is now free. It is non price discriminating on both the
wealthy and the poor. A commercial service that markets an increased access to sunlight is an effective
way of introducing pricing to a natural resource that previously was not priced. This is an improvement to
those communities that are able to afford the service. To those who are not able to, the threshold of free
natural sunlight that is only available during natural daylight hours is the same but they now live in a world
where other people can afford to buy more time to a resource that used to be equally accessible to
everyone. This does not constitute an argument against the technology. It is a call to establish explicit
equity-provisions into the commercial structure at the start, such as concessional pricing levels to the low-
income markets, humanitarian access exemptions to disaster response regardless of payment and true
multilateral governance as opposed to bilateral commercial deals. The policy frameworks that are created
today will influence the benefits of this technology to be distributed over decades. To get them right,
community consent and equitable access should not be dismissed as a secondary consideration, but must
be as fundamental to design as orbital mechanics.

8. ENVIRONMENTAL CONSIDERATIONS, FULL ACCOUNTING

8.1Launch Emissions and Atmospheric Effects

The positive end-use of redirecting sunlight to solar panels to replace fossil fuel burning into carbon
emissions, which contributes to better air quality, is built into the environmental narrative around Reflect
Orbital. This story is true as far as it is concerned, yet an intensive environmental analysis would be

necessary to evaluate the entire life-cycle, including the production and launch process of the satellite
constellation itself.
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ENVIRONMENTAL CONSIDERATIONS & FULL ACCOUNTING OF REFLECT ORBITAL CONSTELLATION

" SECTION 8.1: LAUNCH EMISSIONS & ATMOSPHERIC EFFECTS SECTION 8.2: LIGHT POLLUTION, ECOLOGY, & THE GOVERNANCE GAP
¢ OPERATION TRADITIONAL LIGHT POLLUTION @ REFLECT ORBITAL ILLUMINATION
/ / \ vs L Vs @ o TEMPORARY SERVICE
LAUNCH O\ © |MMEDIATELY SWITCHABLE OFF
. sy %'I‘EDEa;nLv":slf o NO UV FREQUENCIES
AR INTENSIVE EMISSIONS ABLATION
%, LIFECYCLE )
T ANALYSIS 2
MANUFACTURING . NECESSARY ) cocon ruet sunning EcoLoBEALLY
. 5 e | DISTURBING
ATMOSPHERIC LAYERS - SPREADS OVER HUNDREDS OF KILOMETERS (| LIMITED T0 5KM DIAMETER GEOGRAPHIC AREA
THERMOSPHERE : KEROSENE FOWERED VEMICLES —— - ECOLOGICAL & AGRICULTURAL RISKS )
B e MIGRATORY BIADS NOCTURNAL PHOTOPERIOD-SENSITIVE CROPS
ABSORBS SUNLIGHT,
MESOSEHERE 7 BLACK CARBON | HEATS S‘HATOSPHE“E] SIGNIFICANT | *AIGATION P ; FORAGING v SEVTER DORMIANCY,
PARTICLES » TOTAL IMPACT DISTURBED \ BEHAVIORS ¥ o ¥ SETSEEDS
METHANE or LIQUID HYDROGEN (50000 SATELLITES s
POWERED FULl{V RE-USABLE VEHICLES by 2035) E LR

- LESS CARBON-INTENSIVE = oo il uommm. LOWER
rnoss/ SCADING EFFECTS y YIELDS &
REPRODUCTIVE ON POLLINATION & CONFLICTS BETWEEN
BEHAVIORS FOOD WEBS LANDOWNERS

ALUMINUM ALLOY STRATOSPHERIC OZONE LAYER Py T T T R
PRIMARY STRUCTURE : GOVERNANCE GAP

EVAPORATES roe . - 4
SATELLITE | | st PR RFINTERFERENCE  OPTICAL ILLUMINATION ® %
. \ % (COVERED) (NOT C

Reanon. OB ¥ > oo OVERED) VOLUNTARY OPERATIONAL POLICIES
WITHINFEW Y ~ - I Z‘F‘kﬂ, ,m a 5%%'%.‘.? OZ?Q,EES%,‘:E,&,{%% &,’,' %,),GE @ (EXCLUSION ZONES, PRIOR NOTICE)
JEASS) = O O m USEFUL INITIALS BUT
- 9 SEEERRTMOSPHERE — a & INSUFFICIENT LONG TERM

FALLS INTO SMALL PARTICLES = [ mopEL cumuLATIVE | SATELLITY SHINING
OF ALUMINUM OKXIDE IN RE-ENTRY EMISSIONS NATIONAL NATIONAL FUTURE NEED: LONG-TERM “DAYLIGHT STRENGTH"
W\  UPPERATMOSPHERE » BEFORE SCALE-UP REGULATORS ILLUMINATION POLICIES GOVERNANCE SYSTEM ANYWHERE ON EARTH
= > N

Fig -7: Environmental Considerations & Full Accounting of Reflect Orbital Constellation

Having 50,000 satellites built and launched within 2035 would mean a very ambitious launch schedule. This
program, even with future advancements in the miniaturization of satellites and the introduction of fully re-
usable launch vehicles, is one of the biggest single-mission satellite launches ever. The environmental
impacts work at multiple levels. Combustion of rocket fuels (kerosene, liquid hydrogen or methane)
generates combustion products that do not actidentically as at the ground level but act in the stratosphere
differently. Of special concern is black carbon of launches powered by kerosene, which absorbs sunlight
and is a source of heating of the stratosphere. Methane-powered or liquid hydrogen-powered fully-
reusable vehicles are less carbon-intensive to launch, but the total impact of the launch rate needed to
deploy this constellation is not insignificant.

The end-of-life question presents the other type of atmospheric risk. Within a few years of service low earth
orbit satellites re-enter and ablate. A primary structure material on small satellites such as aluminum alloy
evaporates on re-entry and falls into small particles of aluminum oxide in the upper atmosphere. In the
early 2020s, research indicated that the particles were capable of catalyzing reactions that interact with
stratospheric ozone chemistry. The science remains open, but the worry is real and the size of a 50,000-
satellite constellation makes it a question of substance. Reflect Orbital, and all large constellation operators,
will have to consult atmospheric scientists in order to quantitatively model these effects, and prove that
the cumulative re-entry emissions are within acceptable limits.

The candid environmental evaluation is that the technology nearly has net carbon benefits over the diesel
and natural gas substitutes which it replaces, especially when the constellation is large enough to provide
significant energy capacity. Nevertheless, better than the baseline is not the same as environmentally
optimal and the responsible course of action is to publish a plausible lifecycle analysis that considers
manufacturing, launch, operational and end-of-life emissions before the constellation has reached a scale
where it becomes hard to course correct.
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8.2 Light Pollution, Ecology, and the Governance Gap

The environmental consequences of the incorporation of intentional light in the natural settings should be
given a keen and particular consideration. The scientific evidence on light pollution is quite broad and
generally uniform anthropogenic light pollution affects the behavior of a very diverse group of species,
including the navigation of migratory birds and sea turtles, the foraging behaviors of nocturnal insects, and
the reproductive behaviors of frogs. These interruptions do not exist in the abstract. The artificial light at
night has a cascading effect on pollination, food webs, and ecosystem functioning by impacting insect
population declines.

The technology developed by Reflect Orbital has certain benefits over traditional light pollution in terms of
environmental implications. Instead of the diffuse sky glow that spreads on hundreds of kilometers over
urban centers, the lit-up area is limited to a specific geographic areq, usually 5 kilometers in diameter. It is
not a continuous service but a temporary service at least in its first levels of service and can be immediately
switched off. It fails to emit the complete range of artificial lighting, including ultraviolet frequencies, which
the traditional lighting does. These characteristics render it less ecologically disturbing relative to its unit of
illumination when compared to most traditional options.

With that said, the fact that there is no diffuse sky glow does not exclude the ecological risk. A 5 kilometer
lighted area over a migratory pathway, a wetland, nesting area or forest by night would disturb the actions
of animals within and near the area. Agricultural landscapes are especially tricky photoperiod-sensitive
crops react to fluctuations in day length as a signal to flower, enter into dormancy or even set seeds. Such
responses, which could be promoted or retarded by chance exposure to orbital light at night, may lower
yields or cause conflict between adjacent landowners working on different crops.

The regulatory framework in the management of these risks is lacking. Radio frequency interference due to
satellite is not a new concept under national spectrum regulators, and orbital optical illumination is not
covered under current regulatory categories. The voluntary operational policies of Reflect Orbital are its
exclusion zones and offering prior notice of the location of satellites. They are useful initials, but they are too
small as a long term system of governance of a service that may one day shine on any point on Earth at a
strength equivalent to daylight.

9. BROADER IMPLICATIONS, SCALE, EQUITY, AND GOVERNANCE

9.1 Agriculture and the Photoperiod Opportunity

Agriculture is a biological activity that is constrained. Majority of crop species have been developed during
millennia in reaction to certain seasonal patterns of light and temperature and their developmental
programs are programmed to those patterns with astounding accuracy. Wheat vernalizes due to cold and
long nights. The flowers of soybean bloom when nights have a critical length. Photoperiod sensitivity divides
rice types into ecological niches in latitudes. These biological limits have determined the extent and
location of human development on earth.

The practical implication is that anything that can be reliably used to extend or modify the photoperiod at
a given place could have a significant impact in broadening the geographical scope of intensive
production of sun-limited crops. Scandinavia and greenhouses in the Netherlands already utilize
supplemental lighting in large quantities with LED or high-pressure sodium lighting added to add
productive growing time on dark winter days. These are efficient yet costly systems that require a lot of
electricity and capital investment in light systems. The 100 lux reflected sunlight that is available over 2
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hours as part of the Reflect Orbital service offerings, 2028, is in the range of supplemental lighting that would

significantly help in augmenting low-light greenhouse environments during early mornings and late
afternoons.

In large field agriculture in temperate regions, it is not as directly practical to use, in part due to the
magnitude of the illumination necessary to light up large agricultural areas and in part due to the size of
the area covered by a single satellite pass. Nevertheless, with the constellation growing to 5,000 satellites
in 2030, bigger regions can be covered in real-time, and new opportunities to use it in agriculture emerge.
High-value greenhouse uses, in which the economics of supplemental lighting already exists, and in which
the marginal cost of orbital illumination can be directly related to the marginal cost of electric grow lighting,
are the most interesting near-term uses cases.

Reflect Orbital: Broader Implications, Scale, Equity, and Governance
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Fig -8: Reflect Orbital Broader Implications, Scale, Equity, and Governance

9.2 Defense, Dual-Use Technology, and Geopolitical Risk

One of the main areas of use of Reflect Orbital is defense, namely, providing continuous solar power and
illumination during key moments of defense operations. The rationality of operation is strong. Fuel resupply
is logistically required by military forward operating bases in remote austere locations, and fuel convoys
are some of the most vulnerable activities of any supply chain in a hostile environment. This weakness is
minimized by technologies that lower fuel consumption without compromising operational functionality.

Orbital illumination may lead to the reduction of fuel consumption in two different ways. To start with, it
widens the solar generation into evening and early mornings, therefore, narrowing the electricity gap that
has to be filled by diesel generators. Second, it also minimizes the direct fuel needs at nighttime working
because it offers site lighting without fuel-powered floodlights. In the case of a forward operating base
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which is now being supplied through an ongoing resupply chain of generator fuel, a small decrease in fuel
usage directly converts into fewer convoy frequency and decreased exposure to supply interdiction.

This capability has a dual-use aspect that creates geopolitical complexity hence, it should be recognized
as such. A system capable of precisely lighting a disaster area can also light a conflict area precisely. The
same orbital infrastructure that guides light to a medical tent in a flood-impacted area can guide it to a
military target in a war-torn area. This is not an imaginary issue. It is an intrinsic trait of any dual-use
technology and it is a trait that has posed regulatory and governance difficulties to GPS, synthetic aperture
radar, and satellite imagery services over the history of each technology.

The lack of international frameworks that specifically apply to orbital illumination exacerbates the
governance issue of orbital illumination. The Outer Space Treaty not only bans arms of mass destruction in
orbit, but specifies that space must serve the common good of all states yet it does not give particular
direction to commercial services which have both a civilian and a military purpose. These questions will
have to be answered by the emerging regime of commercial space governance which is currently being
formed by such institutions as the Committee on the Peaceful Uses of Outer Space. This is much easier to
do before the technology becomes a strategic capability of major powers installed within national security
infrastructure than it is to do so later.

9.3 The Sunlight-as-a-Service Economic Model

The business architecture that the app-based ordering system of Reflect Orbital implies a consumption-
based pricing scheme similar to cloud computing infrastructure in which users pay based on consumption
as opposed to owning the assets. The economic impact of this model on the markets that are currently not
fulfilled by the traditional energy infrastructure is tremendous. Cloud computing opened access to full-
scale IT infrastructure to small enterprises who simply could not afford to purchase and maintain server
farms. An efficient sunlight-as-a-service system might also be used to make dependable light and energy
supply more available to small agricultural cooperatives, SME building companies, and community health
centers which do not have the funds to invest in traditional infrastructure.

The democratization argument is valid but conditional upon a variety of factors, which cannot be solved
by the technology itself. Prices should be affordable to small consumers, and this means that the
constellation needs to achieve a high level of scale to push the per-unit prices down. The regulatory
approval needs to be granted within the respective jurisdictions and this necessitates interaction with the
national authorities that might not be well aware of the technology. The payment infrastructure has to be
available in the markets it is targeting which in most developing economies usually entails integration to
mobile money payment systems instead of hormal banking. And the service needs to be predictable so
that buyers canrely on it to do their operational planning, which needs not only technical performance but
contractual guarantees regarding both availability and advance scheduling.

Such are not the reasons to dismiss the potential of democratization of the model. These are the conditions
that must be fulfilled, and they refer to certain investments that Reflect Orbital and its prospective partners
must make in the commercial and regulatory infrastructure in addition to the technical development of
the constellation.

9.4 Astronomy, Dark Skies, and the Commons Problem

The issue of big satellite constellations and terrestrial astronomy is a real and challenging commons issue.
Dark skies are common property whose benefit is created and whose depletion is shared. The action taken
by one company to launch tens of thousands of reflective satellites imposes on the overall astronomical
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community and possibly on the general population that is a beneficiary of research in astronomy without
the affected parties significantly participating in the decision.

The case of Starlink has set the precedent that the astronomical community is instructive and worrying.
Initial deployments of Starlink by SpaceX resulted in the creation of bright streaks in astronomical images
that have polluted a large portion of wide-field survey observations. Following an extended interaction with
the astronomical community, SpaceX designed and implemented satellite orientation maneuvers and
darkening finishes which minimized, yet did not remove, the interference. This process was successful in
the sense that it resulted in some mitigation, but was achieved by informal negotiation and voluntary
corporate action instead of by the imposition of binding regulatory requirements. That is a weak
governance structure to a technology which is likely to have several competing operators in the next
decade.

Reflect Orbital Reflect Orbital mirrors, however, are more reflective than passive communication satellites,
which are by definition, mirrors. The fact that the company has taken the step of ensuring that there are
exclusion zones around research observatories, and that it is releasing the position of satellites beforehand
is a good gesture, yet it does not deal with the overall impact that having 50,000 highly reflective objects in
the low Earth orbit has on the overall quality of the night sky. The regulatory authorities such as the
International Telecommunication Union, the Federal Communications Commission, and national space
agencies must establish binding requirements on the photometric properties of satellite constellations, and
special requirements on actively reflective systems. It is a governance investment that is a good thing to
the whole industry and must be considered a collective industry obligation and not a competitive point.

10. FUTURE PROSPECTS WHAT THE NEXT DECADE NEEDS TO DELIVER

The path taken by two demonstration satellites in 2026 to a 50,000-satellite active constellation in 2035
does not only need the sustained execution of technical but also the concomitant development of a variety
of non-technical systems that will see the benefits of the technology realized on a broad or a narrow scale.
The 2028 transition to a 1,000-plus satellite constellation, providing the ability to provide continuous
streetlighting-equivalent service, and the 2030 transition to the first commercially meaningful level of
energy service are the key milestones on the technical side. Both transitions require sustained lowering in
the launch costs and costs in the production of the mirror satellites themselves. The plausibility of the cost
curve is plausible based on current trends in the larger small satellite and launch business, but not definitive
and the delays in programs are to be anticipated.

The following three to four years are a crucial period on the governance front. Although the constellation
remains large enough that its effects on astronomy, ecology and geopolitics are not yet severe, there is no
need to create regulatory frameworks and international agreements under the strain of a system that is
already firmly entrenched in commercial and military activities. A legitimate multilateral body to establish
binding standards is the International Astronomical Union Centre for the Protection of the Dark and Quiet
Sky from Satellite Constellation Interference, set up in 2022. The national environmental authorities must
start coming up with impact assessment models on orbital illumination that are similar to the
environmental impact assessment procedures that have been already implemented on the ground level
lighting installations.
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Fig -9: Orbital Sunlight Technology

Commercially, the creation of affordable, easily available service levels to small consumers in developing
economies needs the investment and not an assumed market process of market forces to address the
matter of access. Multilateral aid organizations, development finance institutions, and impact investors
have a considerable potential in co-creating commercial models that benefit energy-poor populations
rather than merely the most profitable commercial clients.

11. CONCLUSION: THE CHALLENGE IS NOT THE SATELLITES

Reflect Orbital satellite mirror constellation is an incredibly new solution to one of the oldest limitations ever
faced by humankind. The fact that the solar energy that does not reach the earth is by far 2.2 billion times
greater is not a marketing statement. It is a fact of the physical reality of the solar system and the notion
that some of that energy could be harnessed and used to advantage human purposes is technically
possible and strategically sound. The technology has the potential to help alleviate energy poverty, better
response to disasters, expand renewable energy production, boost agricultural output, and decrease the
reliance of industry on fossil-fuel-powered lighting, which have been proven and documented by the
service specifications and roadmap of the company. These are not fringe benefits at the peripheral levels
of current systems. They are conceptual inputs to some of the most topical issues in international
development and sustainability.

But the actualization of this possibility is conditionalized in the formation of governance structures,
environmental protection and commercial structures which is not yet present. Voluntary exclusion zones
cannot be used in place of binding astronomical protection standards. Substitutes to full lifecycle
environmental analysis include cost estimates that do better than diesel. An attractive commercial story
of democratizing energy access is not an alternative to the regulatory and financial and logistical
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infrastructure necessary to literally serve small purchasers in underserved markets. The underlying
understanding that this technology provides is structural night is not an engineering issue, but a fixed
limitation. The responsible solution to that issue is to consider governance and environmental
accountability as fundamental technical needs and not secondary concerns that shall be considered after
the constellation has been constructed.
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