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balance two fundamental goals of governance: public safety and market growth. To better understand
how this balance has been achieved in other markets, we used case studies of analogous regulatory
regimes to explore how particular types of regulations may achieve both goals.
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Summary

Our goal with this report is to support the ability of the Secretary of Transportation and the
Federal Aviation Administration (FAA) to meet federal statutory requirements with respect to
commercial spaceflight. Those requirements are to (1) ensure public safety and (2) support the growth
of the emerging commercial spaceflight market. Specifically, federal law requires the FAA to
“encourage, facilitate, and promote the continuous improvement of the safety of launch vehicles
designed to carry humans, and the Secretary may . . . promulgate regulations” to do the same.'
Additionally, the FAA is required to “encourage, facilitate, and promote commercial space launches
and reentries by the private sector, including those involving space flight participants” and “take
actions to facilitate private sector involvement in commercial space transportation activity.”

In this report, we focus on how the FAA can regulate the commercial space transportation of
human persons (spaceflight participants)? to ensure both market growth and participant safety.

The safety, growth, and success of the commercial space industry is substantially interconnected to
national security.* By assessing the potential impacts of a regulatory regime on the commercial space
market, this report informs and assists the FAA and other federal stakeholders (e.g., the U.S.
Department of Defense and U.S. Department of Commerce) who operate in and have jurisdiction
over segments of the space domain. Additionally, this report will help inform decisionmaking by
leaders and managers within the FAA, other government agencies, and private sector entities as the
use of space as a resource continues to expand.

The development of commercial space activities is rapidly expanding, and there are estimates that
the global space economy will grow to more than $750 billion by 2028.% Space activities (i.e.,
exploration, transport, travel, communications) were previously limited to state-sponsored or
government-controlled operations. At the time of this writing, numerous private entities are
conducting space activities, including the orbital and suborbital space travel of civilian passengers. This
technological progress brings a variety of opportunities and challenges.

The question of when to issue regulations and in what form is a continued matter of significant
debate among space stakeholders, including the FAA, industry, and Congress. Since 2004, Congress

! See U.S. Code (U.S.C.), Title 51, Section 50903(c), General Authority.
2See 51 U.S.C. § 50903(b)(1) and (2).

3 “[S]pace flight participant’ means an individual, who is not crew or a government astronaut, carried within a launch vehicle or
reentry vehicle” (U.S.C,, Title 51, Section 50902(20), Definitions).

4 See Jonathan P. Wong, Yool Kim, Krista Langeland, George Nacouzi, Krista Romita Grocholski, Jonathan Balk, Karishma V.
Patel, and Barbara Bicksler, Leveraging Commercial Space Services: Opportunities and Risks for the Department of the Air Force,
RAND Corporation, RR-A1724-1, 2023.

> Daedal Research, Space Economy Market: Analysis by Client Type, by Application, by Value Chain, by Region Size and Trends with
Impact of COVID-19 and Forecast up to 2028, August 2023.



has imposed a moratorium on commercial spaceflight participant regulations.® Congress recently
extended this moratorium to January 1, 2028.” This report is designed to inform this debate.

On the one hand, most forms of transportation in the United States are subject to a variety of
regulations that ensure that the transportation of people and goods remains in compliance with
appropriate standards and best practices, thereby achieving a safe and efficient public transportation
system. On the other hand, stakeholders have raised concerns that commercial space transportation is
still in nascent developmental stages and that regulations could impose unnecessary or inappropriate
burdens that could stifle the development of the space industry, thereby impeding the development
and competitiveness of the U.S. commercial space market.® Whether a regulatory regime can optimize
or otherwise provide for both public safety and growth for a nascent or emerging market is a question
that we address through the analytic application of economic and regulatory principles using historical
and analogous case studies.

We begin with the foundational governance doctrine: social contract theory (SCT). SCT
hypothesizes that stable and ordered societies and markets result from an agreement between
individuals (including corporate or other distinct entities within society) and the state. SCT is,
therefore, the basis of any regulation of individual conduct in society. The goal of regulation by the
state is to balance the autonomy and liberty of the individual with the collective obligation that
individuals have to each other to ensure and preserve the public good (e.g., security, safety, prosperity,
liberty, equality, the rule of law).’

We extended our analysis by applying the progeny of SCT to the regulation of corporations. Four
principal theories emerged: public interest theory, the Coase Theorem, capture theory, and
enforcement theory of regulation (ETR). Although each theory offers insights into the relationship
between regulation and market growth, we primarily apply ETR. ETR assumes that all strategies of
social control of corporations and businesses are imperfect. Therefore, a regulatory regime must
determine the point of Pareto optimality that represents the best trade-off between the social costs
associated with both ends of the disorder and dictatorship spectrum.

With ETR as our analytic lens, we selected a series of case studies to examine how regulations
developed for particular industries and—to the extent possible—the effect that these regulations had
on those industries’ market growth. Because the space domain is unique compared with terrestrial
domains, we found no single case study that was sufficiently analogous such that it would allow us to
make reasonable concomitant findings relative to the commercial spaceflight industry. However, by

6 Douglas C. Ligor, Benjamin M. Miller, Maria McCollester, Brian Phillips, Geoffrey Kirkwood, Josh Becker, Gwen Mazzotta,
Bruce McClintock, and Barbara Bicksler, Assessing the Readiness for Human Commercial Spaceflight Safety Regulations: Charting a
Trajectory from Revolutionary to Routine Travel, RAND Corporation, RR-A2466-1, 2023, pp. 1-5.

7 Public Law 118-159, Servicemember Quality of Life Improvement and National Defense Authorization Act for Fiscal Year
2025; Section 5702, Extension of Learning Period for Certain Safety Regulations Relating to Space Flight Participants,
December 23, 2024.

8 Stephen Clark, “Industry United in Push to Extend Ban on Human Spaceflight Regulations,” Ars Technica, October 18, 2023.
See also U.S.C. Title 51, Section 50901(a)(5), Findings and Purposes: “[ T]he development of commercial launch vehicles,
reentry vehicles, and associated services would enable the United States to retain its competitive position internationally,
contributing to the national interest and economic well-being of the United States.”

9 See, generally, Séverine Deneulin and Nicholas Townsend, “Public Goods, Global Public Goods and the Common Good,”
International Journal of Social Economics, Vol. 34, Nos. 1-2, 2007.
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applying four criteria,' we isolated six industry case studies, each of which offers certain elements that
are analogous to the spaceflight industry: occupational exposure to lead, nuclear power, asbestos,
freight rail, automotive environmental regulation, and workplace exposure to cotton dust.

In all but one case study, safety (physical, occupational, or environmental) regulation did not
correlate with a decrease in market growth. On the contrary, in nearly every instance but one, we
found that regulation and growth were positively correlated." Thus, our analysis indicates that,
depending on the type and scope of spaceflight regulation, the FAA may issue such regulations with
reasonable confidence that it will be able to meet its dual statutory mandate to (1) “encourage,
facilitate, and promote the continuous improvement of the safety of launch vehicles designed to carry
humans” and (2) “encourage, facilitate, and promote commercial space launches and reentries by the
private sector, including those involving space flight participants.”"* This is not to say that the FAA
should necessarily issue spaceflight safety regulations at this time. However, it is to say that the FAA
may issue what it determines to be appropriate safety regulations at any time it deems necessary,
notwithstanding the existing moratorium, and that history has repeatedly reflected the feasibility of
issuing such regulations without causing harm to industry.

10 See the “Research Scope and Approach” section in Chapter 1 for a discussion of the four criteria.

As we discuss in Chapter 1, it is important to distinguish correlative association with causative association for the purposes of
this research.

1251 U.S.C. § 50903(b)(2) and (1).
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Chapter1

Introduction

Although human beings have been traveling to space since the Soviet cosmonaut Yuri Gagarin
first orbited earth in 1961," commercial spaceflight did not begin until 2001 with Dennis Tito’s eight-
day trip to the International Space Station.'* Since then, the commercial spaceflight market has been
limited in scope and market capitalization. As shown in Figure 1.1, it was not until the late 2010s that
commercial spaceflights occurred every year, and the industry as a whole has yet to exceed ten flights
in a single year. Rockets are launched into space with much greater frequency, but the vast majority of
launches are to place satellites, not people, in orbit.

Figure 1.1. Number of Commercial Human Spaceflights and Spaceflight Participants Per Year
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SOURCES: The data for the total number of flights are from Federal Aviation Administration (FAA), “U.S. Human Space

Flight Safety Record,” webpage, February 12, 2024. The data for the number of people by flight, by year, are from FAA,
“Commercial Space Data,” webpage, July 16, 2025a.

NOTE: The number of people includes crew, spaceflight participants, and government astronauts flying on commercial
spaceflights. The data do not distinguish between these categories.

13 National Aeronautics and Space Administration, “April 1961—First Human Entered Space,” November 3, 2023.
4 Mike Wall, “First Space Tourist: How a U.S. Millionaire Bought a Ticket to Orbit,” Space.com, April 27, 2011.



Despite commercial human passengers contributing a fraction of total launch revenue, optimism
about the future of the commercial spaceflight market remains high. The development of commercial
space activities is rapidly expanding, and there are estimates that the global space economy will grow to
more than $750 billion by 2028." Jeff Bezos, the owner of Blue Origin, famously noted in 2021 that
“demand is very, very high.”'® Blue Origin’s then—Chief Executive Officer Bob Smith told the New
York Times the same year that the company had “gone from virtually zero revenue to now making
hundreds of millions of dollars of revenue annually.”"” Others are also optimistic. Virgin Galactic
reported “[s]ignificant backlog and pent-up customer demand . .. [and] significant interest from
future astronauts and research organizations” in its 2023 Form 10-K report to the Securities and
Exchange Commission.'® SpaceX has remained quiet about its financial details but actively sells
spaceflight seats on its webpage. The exact pricing for a commercial spaceflight across companies is
unclear, but the cost is prohibitively expensive for most civilians. Estimates range from $200,000 to
$500,000 for a brief suborbital flight and as much as $28 million or more for a multiday orbital flight,
although technological advancements are reducing costs. A 2018 Pew Research Center survey found
that 42 percent of U.S. adults reported being “definitely” or “probably” interested in orbiting the earth
in a spacecraft, further reinforcing interest that far exceeds the number of customers who have been
served as of 2025."

The anticipated growth of the commercial spaceflight market has many implications, including
new transportation modalities, new capabilities for the exploration and colonization of space, positive
and negative interactions with existing terrestrial systems (e.g., sharing airspace with aviation), and
questions about who will reap the benefits and costs of this expansion. One line of questions revolves
around the processes for ensuring the physical safety of those aboard commercial spaceflight
vehicles—particularly whether, when, and how the U.S. government should regulate the service with
respect to passenger safety as it does for other modes of transportation. This could include the
regulation of vehicle design or operational procedures.

Commercial spaceflight is distinct from solely government-funded and -managed spaceflight with
regard to regulatory requirements for passenger safety in that it involves an individual spaceflight
participant who is neither a member of the crew nor a government astronaut.”* Commercial companies

1> Daedal Research, Space Economy Market: Analysis by Client Type, by Application, by Value Chain, by Region Size and Trends
with Impact of COVID-19 and Forecast up to 2028, August 2023.

16 Michael Sheetz, “Jeff Bezos Says Sales of Blue Origin Space Tourist Fights Are ‘Approaching $100 Million’ Already,” CNBC,
July 20,2021,

17 We note that revenue may include proceeds from government-funded contracts for space services in addition to commercial
space contracts (Kenneth Chang, “Jeff Bezos’ Company Is Carrying Scientific Cargo to Space. It's Not Amazon,” New York
Times, October 13, 2021).

18J.S. Securities and Exchange Commission, Virgin Galactic Holdings, Inc., Form 10-K, Commission File No. 001-38202,
December 31, 2023, p. 8.

19 pew Research Center framed these survey results as most U.S. citizens not being interested in orbiting the earth, but the 42
percent of those who are wealthy enough to afford current prices provide the industry with significant room for growth (Mark
Strauss and Brian Kennedy, “Space Tourism? Majority of Americans Say They Wouldn't Be Interested,” Pew Research Center,
June 7, 2018).

%0 For the definition of spaceflight participant, see U.S. Code (U.S.C.), Title 51, Section 50902(2), Definitions:



conducting spaceflights are required to meet additional licensing requirements if the participants are
onboard “for compensation or hire.”” The purpose of government-sponsored spaceflights generally
relates to missions with particular scientific research, testing, or national security objectives.”
Commercial spaceflights may relate to any industry or business purpose (e.g., supporting government
launches, research, tourism, communications, satellite remote-sensing, celestial mining, or adventure
sporting) and any private-sector employment activities related to the same.

Space travel, which covers launch, travel in earth’s orbit, and/or travel to a celestial body,
reentering the earth’s atmosphere, and landing, is a complex, complicated, risky, and dangerous
activity.” Therefore, commercial safety regulations are of the utmost concern. Although there has not
been a fatality or serious injury of a commercial spaceflight participant thus far, the federal
government, commercial space companies, and other public and private stakeholders agree that the
risk of death or injury is high.** Additionally, stakeholders agree that if such an event were to occur, it
could cause the public to lose trust in the safety and reputation of commercial spaceflight
transportation generally, which could seriously damage, diminish, delay, or otherwise set back the
growth of the industry.” On the other hand, stakeholders have also raised concerns that commercial
space transportation is still in nascent developmental stages and that regulations could impose
unnecessary or inappropriate burdens that could stifle the development of the space industry, thereby
impeding the development of the space industry.*

But how should this risk to the industry be addressed and mitigated? Commercial space providers,
like any provider of a consumer good or service, are incentivized to ensure the safety and health of
their customers to be successful.”” However, market forces alone have historically been insufficient in

“[C]rew” means any employee of a licensee or transferee, or of a contractor or subcontractor of a licensee or
transferee, who performs activities in the course of that employment directly relating to the launch, reentry,
or other operation of or in a launch vehicle or reentry vehicle that carries human beings.

For the definition of government astronaut, see 51 U.S.C. § 50902(4)(c): “an employee of the United States government . .. [or]
an international partner astronaut.”

1 See U.S.C. Title 51, Section 50905(c)(2)(B), License Applications and Requirements, for “carrying a human being for
compensation or hire,” For application requirements, see 51 U.S.C. § 50905(b)(2)(D).

22 See, generally, Jonathan P. Wong, Yool Kim, Krista Langeland, George Nacouzi, Krista Romita Grocholski, Jonathan Balk,
Karishma V. Patel, and Barbara Bicksler, Leveraging Commercial Space Services: Opportunities and Risks for the Department of the
Air Force, RAND Corporation, RR-A1724-1, 2023.

 See, generally, Andrew S. Freiberg and Shouhao Zhou, “Celestial Versus Terrestrial Travel—An Analysis of Spaceflight

Fatalities and Comparison to Other Modes of Transportation,” American Journal of Medicine, Vol. 133, No. 11, November
2020.

% David Klaus, “The Pursuit of Occupant Safety in Commercial Human Spaceflight,” New Space, Vol. 6, No. 1, 2018, p. 48.

2 Douglas C. Ligor, Benjamin M. Miller, Maria McCollester, Brian Phillips, Geoffrey Kirkwood, Josh Becker, Gwen Mazzotta,
Bruce McClintock, and Barbara Bicksler, Assessing the Readiness for Human Commercial Spaceflight Safety Regulations: Charting a
Trajectory from Revolutionary to Routine Travel, RAND Corporation, RR-A2466-1, 2023, p. 73.

%6 Stephen Clark, “Industry United in Push to Extend Ban on Human Spaceflight Regulations,” Ars Technica, October 18, 2023.
See also U.S.C. Title 51, Section 50901(a)(5), Findings and Purposes.

%’ Longstanding research has established that market forces encourage corporate social responsibility, including the adoption of
safety standards and protections in the absence of government regulation. See W. Kip Viscusi, “Market Incentives for Safety,”
Harvard Business Review, Vol. 63, No. 4, July—August 1985.



providing levels of health and safety that are acceptable to the public.”® In these circumstances,
governments address market failures through regulation.® And, in fact, the necessity to address
potential market failures in commercial space through federal government regulation by the FAA was
enacted into law in the 2004 Commercial Space Launch Competitiveness Act.”® Therefore, the ability
of the FAA to balance the tension between the competing aspects of its statutory mandate to promote
industry growth and to preserve public safety through regulation is of the utmost importance for the
future of the commercial spaceflight industry.*

For the purposes of this report, we limit our analysis to the scope of health and safety regulations
as they apply to the launch of a commercial spaceflight vehicle because this is the jurisdiction of the
FAA ?* This regulatory authority is prescribed by federal statute as follows:

(1) In general.

The Secretary may issue regulations governing the design or operation of a launch
vehicle to protect the health and safety of crew, government astronauts, and space flight
participants (emphasis added).

Regulations issued under this subsection shall—

(2) Regulations.

(A) describe how such regulations would be applied when the Secretary is
determining whether to issue a license under this chapter;

(B) apply only to launches in which a vehicle will be carrying a human being for

compensation or hire;

(C) be limited to restricting or prohibiting design features or operating practices
that—

(i) have resulted in a serious or fatal injury (as defined in 49 CFR [Code of
Federal Regulations] 830, as in effect on November 10, 2004) to crew,
government astronauts, or space flight participants during a licensed or
permitted commercial human space flight; or

(i1) contributed to an unplanned event or series of events during a licensed or
permitted commercial human space flight that posed a high risk of causing a
serious or fatal injury (as defined in 49 CFR 830, as in effect on November
10, 2004) to crew, government astronauts, or space flight participants; and

8 Edward J. Balleisen and David A. Moss, eds., Government and Markets: Toward a New Theory of Regulation, Cambridge
University Press, 2010, pp. 13-52.

) Margaret Ryznar and Karen E. Woody, “A Framework on Mandating Versus Incentivizing Corporate Social Responsibility,”
Marquette Law Review, Vol. 98, No. 4, Summer 2015; Séverine Deneulin and Nicholas Townsend, “Public Goods, Global
Public Goods and the Common Good,” International Journal of Social Economics, Vol. 34, Nos. 1-2, 2007.

30 See Public Law 108-492, Commercial Space Launch Amendments Act of 2004; Section (2)(c)(14), Commercial Human
Space Flight, December 23, 2004.
31 Gee U.S.C., Title 51, Section 50903(c), General Authority.

32 See 51 U.S.C. § 50905(a)(2), (b), and (c). A launch is defined as “to place or try to place a . .. human being from Earth—(A) in
a suborbital trajectory; (B) in Earth orbit in out space; or (C) otherwise in outer space” (51 U.S.C. § 50902(7)). A reentry is
defined as “to return or attempt to return, purposefully . . . human beings . . . from Earth orbit or from outer space to Earth” (51

U.S.C. § 50902(16)).



(D) be issued with a description of the instance or instances when the design

feature or operating practice being restricted or prohibited contributed to a result
33

or event described in subparagraph (C)

In Title 51 of the U.S. Code, subsections (¢)(2)(C) and (D) of section 50905 specifically limit the
ability of the FAA to issue health and safety regulations. Such regulatory actions may address only
“design features or operating practices” that “have resulted in a serious or fatal injury” or “contributed
to an unplanned event or series of events during a licensed or permitted commercial human space
flight that posed a high risk of causing a serious or fatal injury.”* Thus, the FAA may not issue health
and safety regulations beyond this narrow scope, such as rules that might direct when pressurized
spacesuits must be worn, ingress and egress standards or metrics, or when seating restraints are
required. Any areas of health and safety that are not related to the subsections (¢)(2)(C) and (D)
conditions are, correspondingly, left up to the discretion of the commercial provider. This limitation
on the FAA's regulatory power has been termed the “moratorium” on safety regulations.”> However,
the moratorium is not permanent; section 50905, subsection (c)(9), articulates the moratorium as a
“learning period” with an expiration date:

(9) Learning period.

Beginning on January 1, 2028, the Secretary may propose regulations under this
subsection without regard to subparagraphs (C) and (D) of paragraph (2). The
development of any such regulations shall take into consideration the evolving
standards of the commercial space flight industry as identified in the reports

published under paragraphs (5), (6), and (7).*

As RAND described in its 2023 congressionally mandated report for the FAA, the purpose of the
learning period is as follows:

Drawing from our discussions with current and former congressional representatives
involved in drafting the CSLCA [Commercial Space Launch Competitiveness Act of
2015], our understanding is that the moratorium and its eventual expiration were
intentionally designed to provide industry with a window of time—known as the
learning period, as indicated in the legislation—to explore and better understand the
safety implications of different designs and operations. The concern was that a
premature regulatory regime might restrict the development of industry in
undesirable ways, such as limiting creativity in design and operations or creating
requirements that limit the growth and development of the nascent industry. On this

3351 U.S.C. § 50905(c). Notwithstanding the limitations to safety regulations in this section, the FAA does have the authority
to issue regulations to set reasonable medical and training requirements for spaceflight participants (51 U.S.C. §
50905(b)(6)(B)). Also, the FAA has issued regulations to mandate certain training: “An operator must train each space flight
participant before flight on how to respond to emergency situations, including smoke, fire, loss of cabin pressure, and emergency
exit” (14 CER § 460.51).

3451 U.S.C. § 50905(c)(2)(C)(i) and (ii).
35 EAA, “Human Space Flight,” webpage, August 5, 2025b.

3651 U.S.C. § 50905(c)(9). The learning period, initially incorporated into statute in 2004, has been extended five times (Rachel
Lindbergh, Regulation of Commercial Human Spaceflight Safety: Overview and Issues for Congress, Congressional Research Service,
R48050, version 6, May 21, 2025, p. 6).



basis, the law enacted a temporary moratorium to allow industry time to properly
develop best practices and standards, such as those created via discussion and

engagements with standards development organizations (SDOs).””

Presuming that the moratorium on health and safety regulations is not extended by legislation
again on January 1, 2028, the FAA will be able to issue regulations through its standard administrative
procedures.’® Thus, it is critical for the FAA to understand and consider how the development and
issuance of health and safety regulations may affect the market growth of a nascent form of
commercial transportation before such regulations are, in fact, issued. It is in this context that the
FAA requested that we provide an analysis to further this understanding.

Objective of This Research

The purpose of this report is to provide the FAA’s Office of Commercial Space Transportation
with an analysis of the potential impacts of implementing a regulatory regime on the emerging
transportation market of commercial spaceflight. Specifically, we examined and described in this
report the theoretical bases that underlie the relationship between the government’s application of a
regulatory regime and the need to balance two key goals of governance: public safety and market
growth (particularly in the case of a new or emerging market, such as the commercial space industry).
Additionally, we conducted an analysis of analogous regulatory regimes to better explore and describe
how the impact of particular types or categories of regulations may achieve these goals.

Research Scope and Approach

To perform this research, we first conducted a broad literature review to (1) identify the
theoretical bases that underlie the government’s application of a regulatory regime to balance its two
key goals (public safety and market growth in the case of a new or emerging market) and (2) select six
analogous regulatory and market case studies to explicate the analysis in (1). As a baseline step and to
the extent relevant and informative, we collected and then described the data and information
regarding the current state of commercial space safety regulations, industry robustness, and market
health.”

With respect to the six case studies, we developed the following four criteria to select market
examples that would be analogous to commercial space in at least one substantive aspect:

e the industry sector and associated product or process

e the types of stakeholders at risk

37 Ligor et al.,, 2023, pp. 4-5.

38 See, generally, the Administrative Procedure Act (U.S.C,, Title 5, Section 553, Rule Making), 14 CFR §§ 11.3 and 11.5; and
Public Law 118-159, Servicemember Quality of Life Improvement and National Defense Authorization Act for Fiscal Year
2025; Section 5702, Extension of Learning Period for Certain Safety Regulations Relating to Space Flight Participants,
December 23, 2024.

39 See, generally, U.S.C,, Title 51, Chapter 509, Commercial Space Launch Activities, and 14 CFR Chapter III, Parts 400 to
460.



e the innovation opportunity that the regulation posed

e whether the risks were acute or chronic.*

We then selected a set of case studies that spanned these criteria to explore a variety of historical
experiences. We collected, reviewed, and analyzed academic, government, and industry literature
related to the risks that the industries posed, the sequences of regulatory rulemaking, the impacts of
those rules on the industries, and the industries’ responses. As part of the case study selection process
and foregoing analysis, we focused on the impacts that the imposed regulatory regimes had on these
markets and the resultant outcomes on both public safety and the industries or on overall market
growth.

An inherent limitation of a case-study approach is that we can only observe associations in time
and space between regulation and industry outcomes. We cannot say that regulation caused market
growth or decline in any particular industry because of the confounding factors that affect
multivariable, complex economic systems and markets. For example, changes in any of the following
variables can account for fluctuation in market growth regardless of the presence or absence of
regulation: consumer demand, supply chains, or external shocks to a market resulting from accidents,
environmental change, or technological innovations. The scope of this study did not allow us to
design, develop, or conduct natural, quasi-, or synthetic experiments to control for all variables except
for regulation.

As a result of this limitation, we can assert correlations only between regulation and market
growth or decline. In other words, for case studies in which regulations were imposed and market
growth increased or kept increasing, we cannot determine the extent to which the regulations caused
this growth or whether the regulations caused a reduction in what may have been higher growth
absent the regulations. We can state only that the imposition of the regulations did not correlate with
a decline in market growth.

Another limitation is the different physical and market characteristics of the six case studies as
they relate to the space domain. Because the space domain is significantly distinct physically from
terrestrial domains, no single case study presents entirely similar aspects such that it can be said to be
analogous across all characteristics. For example, the lack of natural oxygen and gravity in space makes
comparison with nuclear power plants, freight rail, and automobiles difficult and presents significant
challenges for drawing conclusions on comparable safety risks. Because of this, we begin each case
study with a description of the elements we found to be analytically comparable, understanding that
the level of comparability is limited.

Organization of This Report

The remainder of this report contains the results of our research. In Chapter 2, we examine and
describe the underlying theories that justify government regulation. We begin with social contract

0 Acute risks are defined as severe or sudden events or conditions that may occur in the short term unexpectedly. Chronic risks are
defined as long-term events or conditions that occur over time and may develop or become increasingly severe over time. See,
generally, Sustainability Directory, “What Is the Difference Between Acute and Chronic Physical Risks in Terms of Business
Impact?” webpage, October 19, 2025.



theory (SCT) as our umbrella theory and then proceed to examine four principal theories specifically
related to the regulation of markets: public interest theory, Coase Theorem, capture theory, and
enforcement theory of regulation (ETR). In Chapters 3 through 8, we explore each of the six case
studies: occupational exposure to lead, nuclear power, asbestos, freight rail, automotive emissions, and
workplace exposure to cotton dust. We conclude in Chapter 9 with our key findings and conclusion.



Chapter 2

Theoretical Basis for Regulation

We begin with a foundational question: Why should the federal government regulate the
commercial spaceflight industry with respect to the health and safety of spaceflight participants?
Arguments against further regulation and in furtherance of the regulatory moratorium focus primarily
on the following facts:*' (1) The industry is nascent in terms of technology and market development,
(2) there have been only 168 commercial spaceflight participants since such flights began in 2004 (as
of the publication of this report in 2025),* (3) there have been no reported serious injuries or
fatalities, (4) all of the spaceflight participants volunteered to go to space, and (5) existing law required
commercial space operators to provide spaceflight participants with written documentation that
establishes “informed consent.”” Given these facts, it may also be argued that the government should
not regulate the industry unless and until there is evidence of an established need in the form of an
injury or fatality to spaceflight participant(s) or a serious risk thereof.

Notwithstanding the arguments against regulation, there are also arguments in favor of regulation.
If the industry is to attract customers and grow, the public will need to have faith and confidence that
commercial spaceflight is as reasonably safe as possible—a concern recognized by the industry.*
Existing standards and rules help support and justify this faith and confidence. Experts also contend
that the FAA should regulate before a catastrophic event occurs because such an event may damage
the reputation of the industry and result in hastily produced regulations that may not be well-reasoned
or benefit industry growth in the long term.* Additionally, delays that are inherent in the process of
producing regulations may put both the FAA and industry behind in terms of applying the correct
“light-touch” standards that could preserve growth and safety.*

Given the reasons for and against regulation, the concern over the moratorium, the eventual
timing of such regulation, and the importance and controversy surrounding the commercial space
industry itself, it is important for the FAA to establish a theoretical grounding not only for the
issuance of any future potential regulation but also for the consideration and development of such
regulation. Applying a strong theoretical basis for the consideration and analysis of potential

H See, generally, Lindbergh, 2025.
2 FEAA, “FAA Commercial Human Space Flight Recognition,” webpage, August 12, 2025c.

® See 51 U.S.C. § 50905(b)(5)(C) and 14 CFR § 460.45. The operator must provide the following: (1) information about the
risks of the launch and reentry, including known hazards and the potential for unknown hazards; (2) the safety record of all
launch and reentry vehicles that have carried humans on a suborbital or orbital spaceflight; (3) the safety record of the operator’s
vehicle; and (4) an opportunity for crew and spaceflight participants to ask questions.

* Ligor et al., pp. 48, 60, 73.

* See Ligor et al., pp. 48, 60, 73; and Debra Werner, “The Big Question: Is It Time to Regulate Commercial Human
Spaceflight?” Aerospace America, September 1, 2024.

46 Werner, 2024.



regulations will better enable the FAA to present justifications (to all stakeholders) either in support
of their regulation or in support of a decision to refrain from regulation. Thus, as part of this research,
we examine the appropriate theories for the FAA to apply as it balances its statutory duties to regulate
in support of industry growth and public safety.

Social Contract Theory

Notwithstanding these arguments, SCT establishes a theoretical basis that would justify
regulation if and when certain criteria are deemed to have been met. Although there are several
variations of the theory, SCT is generally described as follows:

[Social Contract theories] have a logical form in which agents negotiate the terms of
their association with one another. Political associations are to be evaluated in terms
of the principles to which such agents would agree. The agents are assumed to be
rational in senses that different theorists specify in various ways, but as rational agents
they are not only capable of entering into commitments with one another but also
capable of having reasons for entering into those commitments consistent with a

prudent concern for their own interests.*”

Under SCT, individuals (including individual corporate entities) collectively agree to relinquish
certain rights to the state (or government authority), such as the right to use force or coercion or to act
in an autonomous way that would have a negative impact on the equal rights of other individuals. In
return, the state provides individuals a measure of safety, social order, predictability, and the
protection of their fundamental liberties regardless of position, power, status, wealth, strength, and
demographic characteristics, among others. Specific moral, political, and legal obligations depend on
the particulars of the agreement (contract) reached.” The contract represents the desire of all
individuals within society to live by the rule of law and avoid disorder—what Thomas Hobbes termed
a state of nature, in which individuals of varying degrees of power are in a constant state of disordered
competition and conflict, and life is reduced to an existence he famously described as “solitary, poor,
nasty, brutish, and short.”#

For our purposes in this report, SCT provides the overarching framework to analyze the
relationship between the primary agents engaged in commercial spaceflight and their relationships to
each other: spaceflight participants, commercial providers and operators, the FAA, and the general
public. Each agent seeks to preserve its own interests and, within the United States’ democratic
constitutional system, the FAA (the “state” for the purposes of SCT) is charged with balancing those
interests equally while imposing only those obligations that ensure both the liberty of the agents and

47 Nathanaél Colin-Jaeger, “Overview of Social Contract Theories: From Hobbes to Contemporary Theories,” halshs-04954279,
version 1, HAL SHS, February 19, 2025, p. 3; Albert Weale, Democratic Justice and the Social Contract, Oxford University Press,
2013.

* Michel Rosenfeld, “Contract and Justice: The Relation Between Classical Contract Law and Social Contract Theory,” Towa
Law Review, Vol. 70, 1985.

4 Thomas Hobbes, Leviathan, Penguin, [1651] 1985, Chapter XIII.
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the preservation of public order (or, in this case, health and safety).”® The benefits of achieving this
balance match the FAA's statutory obligations: a strong and prosperous commercial space industry
that protects both individual and public health and safety.

To operationalize SCT such that the FAA can achieve this balance, the social science literature
offers several theories of regulation that the FAA may apply. These theories offer systematic methods
for the FAA to develop regulations and to aid in determining when those regulations may best be
issued.

Theories of Regulation

We examined four principal theories of regulation: public interest theory, Coase Theorem,
capture theory, and ETR. These are four of the most widely applied theories, and we selected each for
its applicability to the FAA's objective of maximizing the growth of the commercial space industry
while not compromising the health and safety of spaceflight participants and the public at large.”*
Although each theory offers the FAA a useful analytic lens through which to consider regulation, as
we further explain, ETR is the most applicable.

Public Interest Theory

Public interest theory describes how markets fail because monopolies, near monopolies, or
monopoly tactics fail to account for, mitigate against, or resolve negative externalities, such as the
degradation of safety, health, or the environment.> A market failure for commercial spaceflight could
result from a catastrophic accident or series of accidents that undermine public trust in confidence
such that there is little or no demand for the operators’ services. Under this theory, the FAA would
issue health and safety regulations to prevent or mitigate these externalities because the small number
of individual commercial operators would either fail to measure the risk associated with these
externalities or accept a risk level that is higher than the spaceflight participant (or public) would
accept if the true measure of risk were known. The FAA may also consider regulations that alleviate
information asymmetry (beyond the informed consent requirements) between the participant (and
public) and the operator, which may preserve trust in the industry, notwithstanding the occurrence of
serious or catastrophic accidents (because both parties will better understand and accept the likely rate
of occurrence and severity of such accidents).”

%0 Research also shows that corporations have an intrinsic responsibility to meet social contract obligations to the public good
that goes beyond what is specified in laws or regulations and that meeting this duty is beneficial to the corporation and its
shareholders (Samuel Mansell, “Shareholder Theory and Kant's Duty of Beneficence,” Journal of Business Ethics, Vol. 117, No. 3,
October 2013).

>! Andrei Shleifer, “Understanding Regulation,” European Financial Management, Vol. 11, No. 4, September 2005; Robert
Baldwin, Martin Cave, and Martin Lodge, Understanding Regulation: Theory, Strategy, and Practice, 2nd ed., Oxford University
Press, 2011, pp. 25, 40—43, 107-108.

52 Shleifer, 2005, p. 440.

>3 Anna Butenko and Pierre Larouche, “Regulation for Innovativeness or Regulation of Innovation?” Law, Innovation and
Technology, Vol. 7, No. 1, 2015, pp. 60-62.
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Coase Theorem

Coase Theorem postulates that the absence of transaction costs, particularly those imposed by
regulations, encourages private parties to negotiate (using such mechanisms as safety waivers,
arbitration, and tort litigation) to the point of maximum efficiency.’* Coase Theorem presents a more
libertarian model in which, in the case of harm to a spaceflight participant, the contract (or waiver)
would dictate the conditions of liability and compensation. State involvement would be limited to the
courts in the event of a dispute over the interpretation of the contract, and outcomes of litigation
would be deemed to be the most “efficient” market solution.”® In this scenario, the FAA would not
regulate any further and the moratorium on regulation would stay in place. An underlying assumption
of Coase Theorem, however, is that both parties have equally effective representation before the court
and that court decisions would be consistently efficient. This assumption may not hold if, as
commercial spaceflight travel expands, individual spaceflight participants lack the resources to obtain
representation in court that is equivalent to that of well-funded, and, therefore, well-represented,
corporations. Additionally, research shows that the outcomes of judicial tort liability court cases can
vary markedly—even to the point of unpredictability—which would make it difficult or impossible to
deem the decisions and outcomes as efficient system-wide.*®

Capture Theory

Capture theory proposes that powerful individuals, interest groups, and other market players will
substantively influence or control regulatory authorities to shape rules for their self-interest over the
interests of less powerful actors or the public good writ large.”” Capture theory assumes that the
corporate entities that are the most subject to regulation—in this case, the commercial spaceflight
providers and operators—apply greater resources to influence and lobby the government for
regulations that are favorable to their objectives. Correspondingly, individual spaceflight participants
lack the resources to do this in an equivalent manner. Using congressional hearings as a proxy
measure, evidence suggests that this is very much the case for the commercial space industry.*®
According to capture theory, this asymmetry in lobbying and information flow leads to a bias by
regulators in favor of the industry. In addition to the fact that the moratorium on safety regulations
has been extended five times, this asymmetry could lead some to conclude that the industry has an
influence advantage that weighs in favor of the FAA’s mandate to promote industry growth over its
mandate to ensure public safety.” Notwithstanding this possible inference, we assume for the

>* Shleifer, 2005, p. 441.
%> Shleifer, 2005, p. 441.

56 Robert J. Rhee, “Tort Arbitrage,” Florida Law Review, Vol. 60, No. 1, 2008, pp. 168-176. See also Steven Shavell, Foundations
of Economic Analysis of Law, Belknap Press, 2004, p. 181.

*7 Shleifer, 2005, pp. 441, 446.

58 .S. House Committee on Science, Space, and Technology, “Hearings,” webpage, undated; U.S. Senate Committee on
Commerce, Science, and Transportation, “Hearings,” webpage, undated.

59 As cited in Lindbergh,

Some Members of Congress have also raised concerns over the FAA’s dual mandate to promote the
commercial space industry and protect the general public and its potential impact on commercial human
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purposes of this research that such a bias does not affect FAA regulatory decisionmaking.® Therefore,
although capture theory could become a concern with regard to regulation in the future, we do not

apply it here.

Enforcement Theory of Regulation

ETR assumes that all strategies of social control of corporations and businesses are imperfect.®!
ETR conceptualizes corporate regulation (or control) along a spectrum marked by four strategies: (1)
pure market discipline (laissez-faire), (2) private litigation, (3) public enforcement, and (4) state
ownership.”? As illustrated in Figure 2.1, at one end of the spectrum is complete private expropriation
of the activity (i.e., anarchic “disorder”)—a state of nature as described by Hobbes's conception of
SCT.% At the other end of the spectrum is complete state expropriation of the activity (i.e.,
communist “dictatorship”). At either end of the spectrum, there is a maximum point of social loss that
the theory deems both unacceptable and avoidable.

ETR presumes that the most effective regulatory regime must seek to determine the point of
Pareto optimality along this spectrum of strategies. In other words, the point of regulation of the
corporation (and the activity that represents the corporation’s business) is the point that represents
the best trade-off between the social costs that are associated with both ends of the disorder and
dictatorship spectrum.** Along this curve, which ETR calls the institutional possibility frontier (IPF),
the four primary methods for society to manage the activity are (1) private orderings, (2) independent
judges, (3) a regulatory state, and (4) socialism. Each method is imperfect but between independent
judges and a regulatory state is a point of least loss minimization to society.®

spaceflight. Congress may also consider whether to address overlaps and gaps in federal agency oversight of
commercial space activities. (Lindbergh, 2025, p. 14)

%0 Investigating the question of whether such bias exists within the FAA would require a separate study. Such a study would
require extensive data collection and the application of the appropriate methodologies so that a scientifically valid finding could
be determined.

61 Shleifer, 2005, p. 443.

62 Shleifer, 2005, p. 442; Simeon Djankov, Edward Glaeser, Rafael La Porta, Florencio Lépez-de-Silanes, and Andrei Shleifer,
“The New Comparative Economics,” Journal of Comparative Economics, Vol. 31, No. 4, December 2003.

% Hobbes, [1651] 1985.

4 Disorder can include negative behaviors by private actors, such as cheating, fraud, price-gouging, and other harms related to
monopolistic behavior. Dictatorship can include negative behaviors by the state, such as political corruption, bribery, undue levies,
fines, taxes, and takings (such as intellectual property) without just compensation.

65 Shleifer, 2005, p. 442.
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Figure 2.1. Enforcement Theory of Regulation Institutional Possibility Frontier Curve

SOURCE: Reproduced from Djankov et al., 2003, p. 599.

Private orderings rely on market forces to discipline the activity. There are no judges or public
sector enforcers (regulators) of rules on the corporation. Market participants, including the
corporations, decide all outcomes. This approach can be beneficial for new entrepreneurial corporate
entrants to the market because there are no government-imposed regulatory costs, and customer
demand punishes poor quality and rewards superior quality (the success of these corporate entrants
depends on the quality of their products and services alone).** However, this approach can quickly
lead to market failure if corporations engage in predatory or monopolistic behaviors in an effort to
maximize profits and market share. Corporations are incentivized to withhold any factual information
deemed detrimental or damaging and take undue advantage of the typical unequal bargaining power
they hold over individual customers.*” Because corporate owners and managers are subject to an
enforceable legal fiduciary duty to prioritize the needs of the corporation over individual customer

66 Shleifer, 2005, p. 444.

67 A recent and deadly example of this behavior is the Titan submersible implosion that killed five people in June 2023. A
subsequent U.S. Coast Guard investigation found that the corporation failed to properly disclose and address critical safety flaws
and risk and even falsified key safety information (“Titan Submersible Report: Implosion Preventable, CEO Ignored Safety
Risk,” American Press, August 6, 2025). New entrants (as opposed to established entities that could tend toward
monopolization) into the commercial space market may have a higher risk tolerance, which may also increase risk to the entire
domain.
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needs or even the needs of the public good, a highly disordered state of nature can result, in which
social costs and losses exceed the benefits of corporate growth.®®

As noted in the capture theory discussion, the method of private litigation via independent judges
has advantages over private orderings, but—Dby itself—it is generally insufficient for a complex and
robust market activity, such as commercial space. In addition to the issues of inequity in terms of
access to resources to engage in litigation and the inherent inefficiencies that are associated with the
variance in liability determinations across court jurisdictions, litigation poses other impediments to
maximizing social benefits. Unless a specialized court is created, judges may lack the technical subject-
matter expertise to judge cases involving commercial spaceflight systems, which are inherently new or
emerging, complex, and complicated in a manner well beyond other modes of terrestrial
transportation.

Additionally, federal and state court decisions may deviate from each other in terms of findings as
to what does and does not constitute a safe procedure, a safe vehicle, an environmental hazard, or
other relevant factor. Consequently, operators might have to develop differing safety standards and
equipment depending on where the launch occurs, which could create increased complexity, expense,
and confusion for both industry and participants. Finally, litigation is typically a very slow process and
decisions can be delayed for years, including appellate decisions if a party appeals the initial trial court
decision. Thus, litigation and reliance on judges alone would very likely be an inefficient way to
maximize social benefits for commercial space.

The regulatory state method assumes that public rules for corporations are enacted and then
enforced by public regulatory officials and offices as opposed to leaving the enforcement to private
parties and judges (or a combination thereof).”” This method allows for public regulator expertise and
experience to be institutionalized in a manner that keeps pace with industry. Because it is the
regulator’s responsibility to enforce social policy and protect the public interest, the regulator’s actions
reduce the influence of corporate power (driven by the fiduciary duty to prioritize profits and market
share) and provide individuals and the public with an advocate vis-a-vis industry—a protection that a
disinterested or objective judge cannot provide.” This method is effective where there is asymmetry or
inequity between private parties such that private orderings and courts are insufficient to preserve
social benefits, particularly with regard to health, safety, environment, market competition, and labor
issues. However, the regulatory state can become subject to politicization or develop its own agenda
that may not fully align with the public interest. Additionally, public regulation bureaucracies can
engage in rent-seeking or excessive proceduralism that can inhibit or stall market growth, which is—in
and of itself—a detriment to the public interest.”!

68 Cheryl L. Wade, “Fiduciary Duty and the Public Interest,” Boston University Law Review, Vol. 91, No. 3, May 2011. In this
article, Wade explores the 2008 subprime mortgage crisis as an example of how court-enforceable fiduciary duties toward
corporate wealth maximization severely damaged the national economy and, therefore, the public interest (good).

89 Shleifer, 2005, p. 446.
70 Shleifer, 2005, p. 446.

"L We define rent-secking (as applied to government bureaucracies) as costs imposed, such as fees or fines, that reduce system
efficiency with little or no benefit to public safety or other public good (Donald P. Moynihan, “Rescuing State Capacity:
Proceduralism, the New Politicization, and Public Policy,” Journal of Policy Analysis and Management, Vol. 44, No. 2, Spring
2025).
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Finally, when the risk of social disorder and harm is high and monopolies operate in an
unrestrained manner that jeopardizes the market, state control of these activities (i.e., some form of
socialism) is the remaining option.”” Certain activities and functions, such as national defense and
policing, are appropriate for state control because they are generally considered inappropriate for
private corporations to perform. To privatize these essential activities and make them a function of
corporate profits and market share would pose unacceptable risk to public safety, security, and social
order. However, where consumer goods and services are concerned, the research is clear that private
ownership of the means of production is the superior model in terms of producing the highest possible
social benefits.”” Additionally, state control poses detrimental risks of politicization, the
overcentralization of problem-solving, and bureaucratic paralysis for new and dynamic markets, such
as commercial space, which demand dynamic development in technology and capital generation.

Enforcement Theory of Regulation and Commercial Spaceflight

We apply ETR to our overarching research question of how regulations may affect the
commercial spaceflight market and, more specifically, spaceflight participant safety and health. Of the
major theories of regulation we examined in this chapter, ETR most closely aligns with the FAA’s
statutory mission and most accurately describes the spectrum of regulatory strategies and methods
that are available within the socioeconomic and political systems of the United States. In this way,
ETR is the ideal lens through which to analyze the six case studies that inform our analytic findings.
And, ultimately, by applying ETR as a regulatory method, the FAA may be able to attain the Pareto
optimal regulatory solution—that point on the IPF curve where social benefits are at their maximum
and social losses are at their minimum.

The FAA'’s statutory dual mandates to facilitate the growth of the commercial space industry and
simultaneously ensure public safety can be applied to ETR’s IPF curve. On one side of the curve,
private commercial space corporations seek to maximize their growth primarily through private
orderings—the contractual relationship, which includes informed consent—between the company
and the spaceflight participant.”* Questions pertaining to health and safety are primarily addressed
between the two parties. On the other side of the curve, the FAA exercises jurisdiction through Title
51 of the U.S. Code to regulate the industry, principally the launch and reentry of space vehicles and

72 Shleifer, 2005, p. 447.

73 Shleifer, 2005, p. 447; Rafael La Porta and Florencio Lépez-de-Silanes, “The Benefits of Privatization: Evidence from
Mexico,” Quarterly Journal of Economics, Vol. 114, No. 4, November 1999; Rafael La Porta, Florencio Lépez-de-Silanes, and
Andrei Shleifer, “Government Ownership of Banks,” Journal of Finance, Vol. 57, No. 1, February 2002; William L. Megginson
and Jeffry M. Netter, “From State to Market: A Survey of Empirical Studies on Privatization,” Journal of Economic Literature,
Vol. 39, No. 2, June 2001; Simeon Djankov and Peter Murrell, “Enterprise Restructuring in Transition: A Quantitative Survey,”
Journal of Economic Literature, Vol. 40, No. 3, September 2002.

7* The FAA’s regulation on informed consent imposes detailed notice requirements on the commercial spaceflight operator (e.g.,
information concerning the risks of launch and reentry, the safety records of space vehicles, known and unknown hazards,
accident reports, and the opportunity to ask questions) (14 CFR § 460.45). Thus, it cannot be said that the existing framework is
entirely privately ordered under ETR, but it is already a mix of private ordering and state regulation.
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objects. This authority places the FAA toward the regulatory state point on the IPF curve, albeit with
limited power, of which the regulatory moratorium on participant safety rules is one example.”

Additionally, ETR accurately models another aspect of the current socioeconomic, political, and
legal ecosystem in which commercial space operators and their spaceflight customers pursue their
interests: the existing judicial system (i.e., the independent judges point on the ETR IPF curve). Each
actor in the commercial space domain, including the FAA, may avail themselves of the federal (or, if
applicable, the state) court systems to press statutory-, regulatory-, contract-, or tort-related disputes.
The extent to which any actor may need to pursue such claims will depend on where on the IPF curve
the action (or the entire domain) ends up falling, Ideally, the FAA—in consultation and collaboration
with all stakeholders—will construct regulations that lie at the Pareto optimal point between litigation
(the independent judges) and the regulatory state.

Enforcement Theory of Regulation and Commercial Space Technology Innovation

The ETR lens also facilitates the FAA's ability to support commercial space companies’ continued
development of new and emerging technologies that are necessary for space travel—a critical
component to the industry’s growth overall. If the regulatory approach is properly placed on the ETR
IPF curve, the FAA can create a regulatory environment that encourages this development without
putting spaceflight participant safety at risk. Research shows that technology innovation can be
dependent on, and even generated (or predetermined) by, the types of regulations enacted.”” When
crafted carefully, incentive- and performance-based regulations (rather than prescriptive regulations)
can promote innovation and maximize compliance (to prevent negative externalities) in a manner that
can help avoid or mitigate against market failures.”” This is particularly true for safety, health,
environmental, competition (i.e., market transparency), and certain consumer protection regulations.”

Research also indicates that market failures, as they relate to innovation or the lack thereof,
generally result from (1) power distortions in the market and (2) a lack of public information (on the
existing market and market actors) that would lead to innovation. According to the Porter hypothesis,
these failures can be avoided by imposing certain types of regulations, such as performance-based
safety and health standards.” These regulations are first and foremost designed to serve the public

75 Launch and reentry in Title 51 of the U.S. Code is also limited to those areas, topics, and conditions that are expressly
described in the statute. For example, the statute and corresponding regulations describe the eligibility requirements for the
licensing of launch and reentry. If companies meet these legal and regulatory requirements, the FAA must grant the license:
“[TThe Secretary . . . shall issue or transfer (emphasis added) a license if the Secretary decides in writing that the applicant
complies . . . with this chapter and regulations” (51 U.S.C. § 50905(a)(1)). Thus, the agency does not have unconditioned
discretionary authority to deny licenses.

76 See Knut Blind, “The Influence of Regulations on Innovation: A Quantitative Assessment for OECD Countries,” Research
Policy, Vol. 41, No. 2, March 2012; Nicholas A. Ashford, Christine Ayers, and Robert F. Stone, “Using Regulation to Change
the Market for Innovation,” Harvard Environmental Law Review, Vol. 9, No. 2, Summer 1985; Butenko and Larouche, 2015.

77 Butenko and Larouche, 2015, pp. 57-62.

78 See Butenko and Larouche, 2015, p. 58; Blind, 2012, pp. 393-395. In general, social well-being regulations (e.g., in relation to
environment, safety) stimulate technology development by incentivizing compliance innovation to resolve or mitigate negative
externalities (e.g., costs associated with death, injury, disease, catastrophic events). Regulations that promote increased market
information foster information by reducing information asymmetry to the consumer and promoting producer solutions. Economic
regulations (e.g., antitrust, pricing) have an ambivalent effect on innovation and growth,

79 Butenko and Larouche, 2015, pp. 62-65.
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interest (e.g., safe working conditions or a clean environment) and maximize social benefits. In doing
so, these regulations impose a cost on corporations.

The Porter hypothesis postulates that the regulations incentivize firms to innovate and develop
either “circumventive” or “compliance” technologies to avoid violations. If the regulations are
appropriately stringent or narrow, the resulting innovations can create increased efficiency and
productivity that offset the cost of complying with the regulation, either fully or to some extent.** Even
if the technological solution is less efficient, it can increase customer confidence in the safety of the
product or activity and, therefore, still result in net growth for the company.*' Regulations that do not
meet the Porter hypothesis standard, however, can produce winners and losers in the market that may
negatively affect the public interest.

Additionally, and as we will discuss in the applicable case studies, regulations can be crafted to
include innovation waivers that exempt an industry from penalties that are associated with the
regulation for specific periods. During the waiver period, the industry is provided the time to develop
the necessary technical or process innovations for compliance with the regulation.*> When regulations
are targeted to a specific outcome such that the industry is sufficiently informed of the objectives, and
when waivers or exemptions facilitate the necessary innovation, the following positive effects may
occur in the market as a whole: (1) technology diffusion across sectors, (2) increased technological
adaptations, (3) accelerated technology development, and (4) instances of radical or transformative

innovation.®?

Early Stage Technology Development

Given that commercial space is still a nascent industry in terms of the number of passengers taking
spaceflights, the FAA may also consider the precautionary principle when applying ETR. During the
early stages of technology development, there is often insufficient data and information. The
precautionary principle suggests that regulators should act during this period to minimize harms—
while the situation is “malleable” and the harms may be significant and irreversible after the fact.*
This shifts the burden of harm reduction to the first-mover corporations in an emerging market. A
drawback of the precautionary principle is that, if applied too rigidly or heavy-handedly, it could have
a restraining effect on innovation in the industry. It may be possible to minimize this negative effect if
regulators apply risk-based analyses during this period of uncertainty to determine the probability and
magnitude of the harm. In such a scenario, the scope of regulation is adjusted accordingly: If the risk
profile is low or risk free, the regulation should continue to facilitate the activity.*

80 Butenko and Larouche, 2015, pp. 62-65; Ashford, Ayers, and Stone, 1985, pp. 442-443.
8 Blind, 2012, p. 393.

82 Ashford, Ayers, and Stone, 1985, pp. 443—463. Other incentives to industry can be combined with the waiver period, such as
tax incentives, subsidies, and tort liability protections. In combination, these incentives can also be targeted to those corporations
that are most in need, such as small businesses or start-ups.

83 Ashford, Ayers, and Stone, 1985, pp. 462—466.
84 Butenko and Larouche, 2015, p.71.
8 Butenko and Larouche, 2015, pp. 71-73
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Policy and regulatory uncertainty can delay corporate investment and, therefore, technological
development.®® Thus, in some instances, it may be beneficial for the commercial space industry for the
FAA to issue regulations as a means to spur necessary safety technology development. However,
research also indicates that excessive regulation intending to reduce uncertainty may result in only
minimum compliance technology. Thus, some uncertainty in the regulatory environment can be
beneficial to fostering innovation.”” Additionally, the fact that regulations that are issued to alleviate
uncertainty and reduce a particular harm tend to lag behind new and emerging technologies and
markets is not detrimental per se and should be considered a natural aspect of the interaction between
law and technology.®®

Theories of Regulation: General Takeaways

In such emerging markets as commercial space, where technological innovation is critical, the
effects of regulation can be mixed. Some general points of consideration and analysis are the following:

e Depending on their purpose and construction, regulations can either create an incentive for
growth and innovation or suppress the same:

— The purpose, construction, and desired outcomes of the regulation should be
determined pursuant to the Administrative Procedure Act.*

e Flexible and incentive- and performance-based regulations tend to promote innovation:

— The rate and direction of technology innovation can correlate with whether the
regulatory standards are technical or nontechnical; nontechnical standards are
associated with higher rates of research and development.

e Some regulatory uncertainty can support growth by offering a sphere of ambiguity in which
corporations may experiment, but too much can impede innovation.

e The short-term and long-term impacts of regulation can differ in their effects:

—  Generally, regulatory compliance costs can reduce available resources for research and
development in the short run.

— However, well-designed regulations can reduce both burdens and risks to the market
in the long run.

e If compliance costs are low and the regulations also incentivize better safety, innovation and
growth can increase.

8 Huseyin Gulen and Mihai Ton, “Policy Uncertainty and Corporate Investment,” Review of Financial Studies, Vol. 29, No. 3,
March 2016; Ashford, Ayers, and Stone, 1985, p. 465.

87 Ashford, Ayers, and Stone, 1985, p. 426.
88 Burenko and Larouche, 2015, p. 68.

8 See, generally, the Administrative Procedure Act (5 U.S.C. § 553). See also regulations delineating the FAA's specific
rulemaking authorities (14 CFR, Chapter I, Subchapter B, Part 11, General Rulemaking Procedures), which include the issuance
of Advanced Notices of Proposed Rulemaking and Notices of Proposed Rulemaking. Both processes allow for public and private
comment periods that can help the FAA optimize the final regulation.
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e By setting safety and health standards, regulations can encourage innovation and the diffusion
of the resulting new technologies across the market.

e Evidence on the empirical impacts of social regulations (such as safety and health) is mixed:

—  Generally, the evidence shows a positive association between regulation and
innovation.

—  The evidence also suggests a positive correlation between regulatory compliance costs
and research and development spending for innovation.

— However, findings often depend on the type of regulation and the specific industry.
e Safety regulations do improve safety records:

—  Safety regulation spending per fatality is the highest for the safest transportation
modes (commercial air and bus) and lower for private modes (private aircraft and
automobile).*

e During regulation development and prior to regulation issuance, the costs and feasibility of
regulatory enforcement and administration should be analyzed pursuant to the Office of
Management and Budget Circular A-4.*

% Garrett C. Waycaster, Taiki Matsumura, Volodymyr Bilotkach, Raphael T. Haftka, and Nam H. Kim, “Review of Regulatory
Emphasis on Transportation Safety in the United States, 2002—2009: Public Versus Private Modes,” Risk Analysis, Vol. 38, No.
5, May 2018. One possible interpretation to explain this phenomenon is that customers demand greater safety when the mode of
transportation is dependent on corporations than when the mode of transportation is private and safety is more a function of the
owner or operator. Additional research would be required to explore this interpretation.

91 Office of Management and Budget, “Circular A-4,” September 17, 2003.
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Chapter 3

Occupational Exposure to Lead

The lead industry, although very different from the commercial space industry in many respects,
does offer similarities that provide insights as a case study for space industry regulation. Similar to the
space industry, the lead industry—in this chapter, we focus on smelting and battery producers—
contends with the health and safety of its workers and the immediate communities in which its
producers are located. Space vehicles are, and will continue to be, workplace environments as
commercial space grows. They are very confined environments that can expose workers to harsh—
even lethal—elements, substances, and conditions. The lead industry has faced the same challenge of
toxic substances in confined workspaces. Both industries contend with hazards related to dangerous
particulates, gases, fuels, and energy storage devices and equipment. Thus, the responses of lead
industry corporations to workplace safety, health, and environmental regulations are instructive for
the space industry. Another similarity is the fact that the lead smelting industry was dominated by
fewer than a handful of companies, just as space is currently dominated by a similarly small number of
commercial spaceflight operators.

Industry and Regulatory History

Unlike commercial space, lead smelting and battery production have existed since the mid-19th
century.” The basic lead battery life cycle is as follows: Lead is mined, smelted, and then turned into
batteries; after consumption, the batteries are recycled back through the smelting process.”
Throughout this cycle, lead and other dangerous compounds can be inhaled, ingested, and absorbed.
Because of this danger and many other workplace hazards, the Occupational Safety and Health Act
was enacted in 1970, which created the Occupational Safety and Health Administration (OSHA).*

In 1978, OSHA issued regulations to set the permissible lead exposure limit at 50 pg/m’
(micrograms per cubic meter of air) per eight-hour period and specified that the standard was to be
achieved though engineering controls and workplace practice, procedures, and controls.”” Given the

%2 Enrico W. Manfredi-Haylock and David J. Payne, “The Early-Modern History of the Lead Acid Battery: 1840 to 1940,”
ChemRxiv, version 2, May 6, 2025, p. 1.

B A M. Genaidy, R. Sequeira, T. Tolaymat, ]. Kohler, and M. Rinder, “An Exploratory Study of Lead Recovery in Lead-Acid
Battery Lifecycle in US Market: An Evidence-Based Approach,” Science of the Total Environment, Vol. 407, No. 1, 2008, p. 8.

94 Public Law 91-596, Occupational Safety and Health Act of 1970, December 29, 1970; U.S.C,, Title 29, Chapter 15,
Occupational Safety and Health.

% See 29 CFR § 1910.1025.
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prescriptive and stringent nature of the regulation, OSHA provided either ten-year or five-year
exemption periods depending on the type of battery or smelting manufacturer.*

Court Litigation

The industry response to these new regulations was negative, and numerous companies filed
lawsuits against OSHA to have the regulations deemed unlawful.”” This litigation significantly
affected how the regulations would be implemented and, therefore, may serve as instructive
background for the FAA in terms of how industry and the federal courts may respond to spaceflight
participant regulations issued in the future. The courts’ findings are summarized as follows:

e OSHA has properly exercised its “technology-forcing” authority in requiring that industries
develop the technology to achieve the new standards.”

e After consulting the best available evidence, OSHA demonstrated that there is “a reasonable
possibility that the typical firm will be able to develop and install engineering and work
practice controls that can meet the [standard] in most of its operations.”

e OSHA presented “substantial evidence that companies acting vigorously and in good faith can
develop the technology” needed to meet the standards.

o For each of the foundries the costs of compliance were well below 1 percent of revenue and 10
percent of profits, the benchmarks above which OSHA says a rule is not economically feasible.

e OSHA's only obligation is to confirm, on the basis of substantial evidence, that its rule “does
not threaten ‘massive dislocation’ to, or imperil the existence of, the industry.””’

An important distinction in both the litigation and the research is the difference between
technology-forcing regulations and technology-based regulations. Technology-forcing regulations are
rules that set standards above and beyond what existing technology can achieve, forcing companies
and researchers to develop completely new and innovated technological solutions to problems. In
contrast, technology-based regulations, which are rules that require agencies to set the level of
regulation by determining what kinds of controls are technologically and economically achievable for a
particular regulated industry and then fixing the standard at the most protective level that is
technologically and economically feasible. It is clear from the litigation that OSHA applied parts of
both standards successfully in the eyes of the court. The FAA may want to consider either strategy or
a mix of both should it issue commercial spaceflight participant safety regulations.

% See 29 CFR § 1910.1025(e).
%7 See, generally, Asarco, Inc., et al. v. Occupational Safety and Health Administration, 746 F.2d 483 (9th Cir. 1984).

98 See Alan S. Miller, “Environmental Regulation, Technological Innovation, and Technology-Forcing,” Natural Resources and
Environment, Vol. 10, No. 2, Fall 1995. See also Wendy E. Wagner, “The Triumph of Technology-Based Standards,” University
of Illinois Law Review, Vol. 2000, No. 1, January 2000.

% See, generally, Asarco, Inc., et al., 746 F.2d; “OSHA's Feasibility Policy: The Implications of the ‘Infeasibility’ of Respirators,”
Harvard Law Review, Vol. 129, No. 8, June 2016, p. 2241.

22



Industry Response: Technology and Process Innovations

In the mid-1970s, the United States was the world leader in lead smelting, producing 579
megatons of lead in 1975 alone.'” The six primary smelters were owned by three companies:
ASARCO (with smelters in Nebraska, Montana, and Missouri), Bunker Hill (with a smelter in
Idaho), Buick (with a smelter in Missouri), and Herculaneum (with a smelter in Missouri). Lead
production had increased for decades prior to the 1970 Occupational Safety and Health Act because
of increased demand for batteries, radiation shielding devices for the medical industry, video display
technology, and an additive for gasoline.'”*

The five-year and ten-year lead time—exemptions prescribed in the law were deemed necessary
because of the technology-forcing nature of the regulations, which required the innovation and
development of engineering solutions for ventilation, dust-emission controls, and automation.'”
Industry manufacturers also needed to combine source-reducing controls technology alongside new
work practices and procedures (e.g., isolation), personal protective equipment (e.g., respirators), and
administrative practices (e.g., improved worker training and housekeeping).'”

Source-reducing innovations included the development of direct smelting techniques that
mitigated dust emissions by replacing sinter machines and blast furnaces. New oxygen enrichment
solutions were developed to reduce the production of hazardous fumes. The industry redesigned its
furnace shafts to improve the battery recycling process and mitigate exhaust emissions and provided
covered transportation solutions to transport molten lead with reduced risk to health and safety. In
addition to better ventilation systems for the buildings, the industry developed new control booths
and cabs that incorporated filtrations systems to protect workers.'™

The industry also developed entirely new smelting plants. In the early 1990s, the Kennecott
Outokumpu flash plant required either modernization or a rebuild to meet OSHA standards.'® The
cost of modernizing the plant’s pollution control technology was approximated at $150 million, and
the rebuild of the plant was approximated at $880 million.' However, the rebuild would enable the
company to mitigate against 99.9 percent of harmful concentrates and meet or exceed all air quality
regulations."” The company’s leadership selected the more-costly rebuild because, along with meeting
the OSHA regulations, it anticipated that the plant could reduce operating costs by as much as 53

100 Marianne Sullivan, “More Evidence of Unpublished Industry Studies of Lead Smelter/Refinery Workers,” International
Journal of Occupational and Environmental Health, Vol. 21, No. 4, October 2015, p. 308.

101 National Minerals Information Center, “Lead Statistics and Information,” webpage, U.S. Geological Survey, undated.
102 A shford, Ayers, and Stone, 1985, p. 438.

103 A shford, Ayers, and Stone, 1985, pp. 438—439.

104 A shford, Ayers, and Stone, 1985, pp. 438—440.

105 Although the Kennecott smelter produces copper instead of lead, it is an example of the diffusion of technology innovation
across the smelting industry in response to increased regulation.

106 A Warhurst and G. Bridge, “Improving Environmental Performance Through Innovation: Recent Trends in the Mining
Industry,” Minerals Engineering, Vol. 9, No. 9, September 1996, p. 913.

107 \Warhurst and Bridge, 1996, p. 913.
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percent with the new technologies and designs. The plant became one of the most energy-efficient
smelters in the world with a considerable cost savings to the company.'®

Notwithstanding the regulatory burdens and the costs, the lead industry generally continued to
grow in the United States and internationally as the need for various types of lead products increased
(e.g., batteries, ammunition, transport).'” However, since around 2000, the U.S. production of lead
and lead smelting as an industrial activity has decreased (see Figure 3.1). This decline occurred
because of not only increased regulation of lead as a hazardous substance but also, as research
indicates, because of increased recycling; the substitution of lithium, nickel, and other compounds for
energy storage; and the phase-out of leaded gasoline and lead paint.""® The fact that battery industry
producers began to innovate with respect to nonlead batteries can be viewed as a positive effect
balancing industry growth and public safety.

Figure 3.1. Metric Tons of Lead Produced in the United States, 1970-2022

SOURCE: Features data from National Minerals Information Center, undated.

1% Industrial Technologies Program, “Kennecott Utah Copper Corporation: Facility Utilizes Energy Assessments to Identify
$930,000 in Potential Annual Savings,” U.S. Department of Energy, Mining: BestPractices Plant-Wide Assessment Case Study,
DOE/GA-102004-1808, _]uly 2004.

199 Growth is noted in the period after the 1990s (Perry Gottesfeld, “Lead Industry Influence in the 21st Century: An Old
Playbook for a ‘Modern Metal,” American Journal of Public Health, Vol. 112, No. S7, p. S723).

HO0gee generally, Timothy Dignam, Rachel B. Kaufmann, Lauren LeStourgeon, and Mary Jean Brown, “Control of Lead
Sources in the United States, 1970—-2017: Public Health Progress and Current Challenges to Eliminating Lead Exposure,”
Journal of Public Health Management and Practice, Vol. 25, Supp. 1, January—February 2019.
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Chapter 4

Nuclear Power

The nuclear power market, as a case study, offers several insights for analyzing the commercial
spaceflight market. Similar to the questions of regulation regarding the commercial space industry,
private corporations and the U.S. government contended with questions of when and how to regulate
the nuclear energy sector as it began to emerge. Additionally, the nuclear energy market is similar to
the commercial spaceflight market in terms of complexity, necessary capital investment and expense,
and reliance on the development of innovative technologies as the market develops. Furthermore, the
risk of injury or fatality is significant in both industries if the appropriate safety, health, and
environmental conditions are not met. Finally, another key similarity is the fact that both industries
began as government-controlled enterprises before commercial industries were permitted to engage
and develop them as commercial sectors.

Industry and Regulatory History

The first major piece of legislation related to nuclear power was the 1946 Atomic Energy Act.'"!
This act established the Atomic Energy Commission (AEC) as the regulatory agency for atomic
power in the United States. The Atomic Energy Act also precluded the use of nuclear power for
commercial use. Nuclear power use was limited to national security and defense activities, and these
activities were often classified.''*

In 1954, Congress enacted another Atomic Energy Act."”” The 1954 act was crafted, in part, to
address the following issues: (1) the urgent and growing demand in the United States for commercial
energy; (2) the nuclear power race between the United States and the Soviet Union; (3) the
development of peaceful uses of nuclear power, primarily to meet the country’s demand for energy; (4)
the creation of the AEC to promulgate the necessary health and safety regulations for commercial
nuclear power; and (5) the promotion of the commercial use of nuclear power while protecting the
public against potential hazards."* These objectives align nearly entirely with those of commercial
space legislation, particularly in that the FAA is tasked with the dual mandate of facilitating the
growth of commercial space while also ensuring public safety (through regulation).

11 pyublic Law 79-585, Atomic Energy Act of 1946, August 1, 1946.

112]. Samuel Walker and Thomas R. Wellock, “A Short History of Nuclear Regulation, 1946-2024,” History Staff, Office of
the Secretary, U.S. Nuclear Regulatory Commission, July 2024, pp. 1-3.

13 public Law 83-703, Atomic Energy Act of 1954, August 30, 1954.

1% Walker and Wellock, 2024, pp. 3—4. The AEC would also subsidize research and development for the emerging commercial
nuclear power industry.
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The AEC focused on developing a partnership with the nuclear industry. This made drafting
regulations challenging because the commission sought to protect public health and safety without
stifling the burgeoning nuclear power industry. Then—AEC Commissioner Willard Libby stated in
1955, “Our great hazard is that this great benefit to mankind will be killed aborning by unnecessary
regulation.”"® At the same time, advocates for nuclear power recognized that a serious “accident could
destroy the industry or at least set it back many years.” Advocates also “worried that regulations that
were too restrictive or inflexible would discourage participation and investment in nuclear
technology.”"¢

Difficulty in achieving this balance was compounded by uncertainty associated with (1) the
developing technology, (2) the probabilistic risk estimate of reactor safety, and (3) investment capital,
costs, and predicted revenue.'”” The AEC found itself in a dynamic environment in which it applied a
conditional licensing scheme to assist in monitoring and collecting additional data as commercial
reactors were being built. Additionally, not unlike the variance in vehicle design in the commercial
space market, the AEC fostered the development of different types of reactor designs.""®

Regulatory Framework and Technology Innovation

The AEC developed a robust regulatory framework from the 1950s through the 1970s.""® As part
of this framework, the AEC developed a detailed licensing process that included the adjudication of
large volumes of safety and environmental factors. Commercial providers were required to obtain
licensing permits and approvals for both the construction of the plants and the operation of the
nuclear reactors.”* Commercial nuclear providers had to meet rigorous safeguard standards to ensure
that their reactor cores (containing the nuclear fuel) would not overheat and cause a core meltdown.
Additionally, providers had to adhere to specific standards designed to prevent the escape of radiation
and radioactive materials if the reactor core was damaged.'*!

Both Congress and the AEC resolved industry concerns regarding liability. In the 1950s, energy
companies were hesitant to make the significant investments (tens of millions of dollars) required to
build a nuclear power plant without some form of protection in the event of a major accident. To
stimulate investment, Congress passed the Price-Anderson Act in 1957, which provided up to $500
million in indemnification to cover damages from a nuclear reactor accident.’”® This was considered by

15 Walker and Wellock, 2024, p.8.

116 J. Samuel Walker and Thomas R. Wellock, “A Short History of Nuclear Regulation, 1946—2009,” History Staff, Office of
the Secretary, U.S. Nuclear Regulatory Commission, October 2010, p. 8.

17 Walker and Wellock, 2010, pp. 9-18.

18 \Walker and Wellock, 2010, pp- 8-9.

9 James Quirk and Katsuaki Terasawa, “Nuclear Regulation: An Historical Perspective,” Natural Resources Journal, Vol. 21,
No. 4, Fall 1981.

120 Quirk and Terasawa, 1981, pp. 833-835.

21 y\ialker and Wellock, 2010, p. 29.

122 public Law 85-256, Price—Anderson Nuclear Industries Indemnity Act, September 2, 1957.
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the AEC to be a “developmental” rather than a regulatory effort, but the effect was to support the
completion of six new commercial nuclear plants by 1962.'*

To meet these stringent regulatory safety and health requirements, the commercial nuclear
industry innovated, engineered, and developed numerous new technologies, such as “core sprays and
pressure suppression pools; ‘safety injection’ systems that would shoot large volumes of water into the
reactor vessel; and combinations of filters, vents, scrubbers, and air circulators that would collect and
retain radioactive gases and particles released during an accident.”*** Beyond AEC licensing and
oversight regulations, 13 other federal agencies (to varying degrees) regulate the nuclear power
industry, making it one of the most regulated industries in the United States.'” Additionally, state
and local jurisdictions also exercise regulatory authority over the construction and operation of nuclear
power plants.'”® Notwithstanding this thicket of safety, health, and environmental regulations, the
industry continued to innovate in terms of processes, technology, and designs, allowing for market
growth until the 1990s.

Nuclear Power Industry Evolution

Despite heavy safety, health, and environmental regulation since its inception, the commercial
nuclear power industry grew at a steady rate until the 1990s, when construction and licensing began to
level off (see Figure 4.1). Research indicates that the market leveled off because of an increase in
competitive and cheaper energy alternatives following the deregulation of other energy markets.'”
This leveling off did not coincide with an increase or change in industry regulations. However, the
static costs associated with the existing regulations at the time of increased market competition
undoubtedly played a role in how well nuclear power plants fared compared with other energy sector
producers. Notwithstanding the lack of growth since the 1990s, the commercial nuclear power
industry continues to account for 18.6 percent of the total amount of electricity generated in the

United States.'?®

123 \Walker and Wellock, 2024, p. 11-30.
124 \Walker and Wellock, 2010, p. 29.

125 Office of Technology Assessment, U.S. Congress, Nuclear Power in an Age of Uncertainty, OTA-E-216, February 1984, p.
149.

126 Office of Technology Assessment, U.S. Congress, 1984, pp. 150153,

127 1 icas W. Davis and Catherine Wolfram, “Deregulation, Consolidation, and Efficiency: Evidence from US Nuclear Power,”
American Economic Journal: Applied Economics, Vol. 4, No. 4, October 2012.

128 U.S. Energy Information Administration, “Frequently Asked Questions (FAQs),” webpage, undated.
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Figure 4.1. Growth of the Nuclear Power Industry in the United States, 1954-2024
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Three Mile Island and Chernobyl Accidents

During a period of growth in the 1970s and 1980s, two seminal events occurred that provide
additional insights into the relationship between the regulation and growth of the nuclear power
industry: the Three Mile Island accident in March 1979 and the Chernobyl accident in April 1986.

Because of a series of mechanical, process, and training failures, one of two reactors at Three Mile
Island in Pennsylvania overheated and suffered a partial meltdown. Despite the meltdown, the
containment vessel was not breached, so neither the employees nor the surrounding community were
placed in danger of radiation exposure. Among the reasons cited for the successful containment of the
meltdown are the stringent regulatory requirements that were placed on the industry and the
industry’s successful design innovations of the plant’s containment systems and structures.'”

Unlike the accident containment success in the United States, the Soviet Union’s Chernobyl
nuclear power plant accident in April 1986 resulted in an explosion, a breach of the reactor
containment structure, and the release of a dangerous radiation plume into the surrounding area that
spread to other parts of Europe. Experts determined that the difference between the Three Mile
Island accident and the Chernobyl accident was that the Chernobyl facility lacked essential safety
elements that were common in designs in the United States and Europe.”® Despite both accidents,
there was sufficient confidence in the safety and marketability of nuclear power in the United States

129 Walker and Wellock, 2024, pp. 37-44.
130 \walker and Wellock, 2024, p. 45.
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such that the industry continued to grow (Figure 4.1). It is probable that this confidence resulted from
the robust U.S. regulatory framework and the fact that those safety regulations prevented anyone from
being harmed by the accident at the Three Mile Island plant.
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Chapter 5

Asbestos

In many respects, the asbestos industry shares the potential for exposure to hazardous materials
with the lead and commercial space industries. For commercial spaceflight participants, this exposure
could come from the vehicle cabin and the life-support systems for extravehicular activity. We chose
to examine asbestos regulation because of the type of impact it had on the industry: Asbestos
regulation illustrates a case in which regulation led to a near-complete removal of a product from the
market. The impact on the industry was, therefore, relatively extreme: Regulation led to the end of the
asbestos mining and manufacturing industries, and, at the same time, spurred substantial innovation
by creating strong demand for substitute products. Thus, asbestos serves as an example for
commercial space should certain substances, activities, or conditions require mitigation or elimination
for safety and health reasons.

Health Impacts and U.S. Regulatory History

Asbestos, an industrial term referring to a class of amphibole and serpentine minerals valued for
their durability, flexibility, and heat resistance, has been used in dozens of industrial and commercial
products beginning in the early 1900s, including construction materials, textiles, and automotive
parts.’”!

The detrimental health effects of asbestos exposure were recognized eatly in the 20th century,
with scientific papers on the topic first appearing before 1910."> The first workplace exposure limits
were established in the United States in the 1940s, and these limits were regularly updated as research
became available.””® Until this point, the health concern was asbestosis (a noncancerous lung disease),
and even after the carcinogenic nature of asbestos was recognized in the mid-1950s, industrial
hygienists still believed that the cancer risk stemmed from asbestosis.”** By the 1960s, it was becoming
apparent that (1) asbestos can cause cancer independently of asbestosis and (2) the risk extends
beyond mining and manufacturing, including the handling of and exposure to asbestos-containing end

products.’*®

3! Christy A. Barlow, Jennifer Sahmel, Dennis J. Paustenbach, and John L. Henshaw, “History of Knowledge and Evolution of
Occupational Health and Regulatory Aspects of Asbestos Exposure Science: 1900-1975,” Critical Reviews in Toxicology, Vol. 47,
No. 4, April 2017.

132p, W. J. Bartrip, “History of Asbestos Related Disease,” Postgraduate Medical Journal, Vol. 80, No. 940, February 2004;
Barlow et al., 2017.

133 Barlow et al., 2017.
134 Barlow et al., 2017.
135 Bartrip, 2004; Barlow et al., 2017.
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In 1970, with the creation of OSHA and the U.S. Environmental Protection Agency (EPA), new
national, mandatory exposure control regulations were created. OSHA promulgated the first
mandatory standard for asbestos safety in the workplace in 1972, which included exposure limits,

136

training, and air monitoring.”*® Even though the industry strongly opposed this ruling (and
subsequent updates), the standard remains in place today."’

The EPA listed asbestos as a hazardous air pollutant and carcinogen in 1971."”® Under the Clean
Air Act, the EPA banned spray-applied asbestos fireproofing and insulating material in 1973, friable
asbestos pipe and block insulation in 1975, and all remaining spray applications in 1978."*° The
Consumer Product Safety Commission also banned asbestos in artificial fireplace embers and wall
patching compounds in 1977.'%

Under the Toxic Substances Control Act of 1976 (TSCA), the EPA explored avenues for
eliminating “unreasonable risk” of asbestos exposure and concluded that a ban on its production and
use was the only feasible approach.'” The EPA embarked on an initiative to ban the manufacture,
importation, processing, or distribution in commerce of most asbestos-containing products. It
designed a time-phased process in which products were prioritized according to the availability of
substitutes.'* This effort culminated in 1989, when the EPA issued a final rule under TSCA.
However, most of the 1989 rule was overturned in 1991, and, at the time of this writing in 2025, the
regulation bans only five specific product types (asbestos-containing flooring felt, rollboard, and
corrugated, commercial, and specialty paper), as well as all new uses of asbestos.'*

In 2019, the EPA issued a rule to ensure that discontinued asbestos products cannot be
reintroduced into commerce and, in 2024, banned the ongoing use of chrysotile, a form of asbestos
that continues to circulate widely in the global market.'"** The 2024 ban is currently on hold following
legal challenges from industry groups.'®

Although asbestos is not entirely banned in the United States, the partial bans, in conjunction
with numerous, very long, and expensive lawsuits, have led to a complete cessation of asbestos
production in the United States (the last U.S. asbestos mine closed in 2002) and a substantial
reduction in asbestos consumption.'*

136 29 CFR §1910.1001.

137 Robert D. Brownson and Kristi K. Brownson, Current and Historical American Asbestos Regulations: 2022 Edition, 2022.
138 Brownson and Brownson, 2022.

B39 EPA, “EPA Actions to Protect the Public from Exposure to Asbestos,” webpage, January 29, 2025.

MOEPA, 2025.

141 public Law 94-469, Toxic Substances Control Act, October 11, 1976; Christine M. Augustyniak, “Asbestos,” in Richard D.
Morgenstern, ed., Economic Analyses at EPA: Assessing Regulatory Impact, Routledge, 1997.

142 Augustyniak, 1997.
3 EPA, 2025; Brownson and Brownson, 2022; Augustyniak, 1997.
Y EPA, 2025.

145 John D. Surma, “EPA’s 2024 Asbestos Ban Paused as Fifth Circuit Grants Abeyance for Rule Reconsideration,” Ogletree
Deakins, July 2, 2025.

136 Robert L. Virta, Mineral Commodity Profiles— Asbestos, U.S. Geological Survey, Circular 1255-KK, 2005.
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Trends in Asbestos Production and Consumption in the Context
of Bans

Asbestos production and use in the United States emerged in the early 20th century. The market
grew rapidly, peaking in the early 1970s, after which it dropped even more rapidly. With the cessation
of production in the United States, consumption at the time of this writing is less than 0.015 percent
of its peak value in 1973 (Figure 5.1).

The precipitous decline of the asbestos market in the United States corresponds closely in time
with the partial bans imposed by the EPA and Consumer Product Safety Commission in the 1970s,
which are shown by the vertical dashed lines in Figure 5.1. While such an association does not, by
itself, demonstrate causation, it is suggestive that the bans contributed to the decline of the U.S.
asbestos market. The subsequent partial ban in 1989 is not associated with a change in production or
consumption, although both were dropping rapidly in this period. The 1991 partial reversal of the
1989 ruling is marked by a small and temporary increase in production (Figure 5.1).

The global pattern in asbestos production broadly mirrors that of the United States, with the
main difference being that the decline in consumption was less steep globally and that substantial
consumption continues today (Figure 5.2).

Figure 5.1. U.S. Asbestos Production and Consumption
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SOURCE: Features data from National Minerals Information Center, “Asbestos—Historical Statistics (Data Series 140),”
webpage, U.S. Geological Survey, February 22, 2024.
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Figure 5.2. U.S. and Global Asbestos Production
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SOURCE: Features data from National Minerals Information Center, 2024.

In parallel with U.S. actions, many other countries have banned the production and use of
asbestos. Denmark instituted the first partial ban in 1972, and Sweden instituted the first complete
ban in 1986." In contrast with the U.S. case, bans in most countries were implemented after
consumption had already sharply declined.'*® Taken at face value, this indicates that, at the individual
country level, bans have not been responsible for the decline of the asbestos market. However, it is
possible that market declines occurred in anticipation of scheduled or expected bans. Other
possibilities for the global market decline in asbestos consumption include the U.S. bans reducing
global demand (the United States was a major importer of asbestos), increasing awareness of the

health effects of asbestos, and the increasing frequency of lawsuits in the 1980s.'*

147 Lucy P. Allen, Jorge Baez, Mary Elizabeth C. Stern, and Frank George, Asbestos: Economic Assessment of Bans and Declining
Production and Consumption, Regional Office for Europe, World Health Organization, 2017.

198 Allen et al., 2017.
149 Ricky A. LeBlanc, “Mesothelioma Litigation History,” Sokolove Law, November 1, 2025.
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Other Impacts of Asbestos Bans

Asbestos Substitutes

The emerging awareness of the negative health impacts of asbestos production and use led to
increased demand for substitute products. Industry representatives acknowledge that the exploration
for substitutes began as early as the 1940s, although the search began in earnest in the 1970s.'>°
Industry invested heavily in this search, and the research and development of substitutes focused on
specific materials for specific applications, including natural and synthetic materials, both organic and
inorganic.""

As early as 1982, research sponsored by the EPA concluded that, “with the exception of a few
specific applications, each asbestos product category has commercially available alternatives” with
technical effectiveness comparable with that of the original asbestos-containing product.'**> More-
recent surveys support this conclusion.'”® Although research into the health effects of asbestos
substitutes is ongoing, the work to date indicates that the safety of most substitutes is acceptable.'™*

Although technically feasible and safe asbestos substitutes exist, they can be more expensive. But
cost trade-offs, when considering the entire product life cycle, may make up for the higher initial cost.
For example, the World Health Organization found that substitute roof panels cost 10 percent to 15
percent more than asbestos-containing panels but that this higher cost “is to some degree offset by the
obviation of special hygiene measures in installation/maintenance/renovation, the lack of a continuing
hazard to building workers and occupants, and reduced costs of waste removal and disposal.”**

The availability of technically feasible, safe, and cost-effective asbestos substitutes played an
important role in the decisionmaking that led to asbestos bans. As we noted previously, the EPA
explicitly considered the availability of asbestos substitutes when it designed the phase-out schedule

for different asbestos-containing products.

150 Thomas J. Lueck, “Technology—Has Asbestos a Substitute?” New York Times, September 2, 1982; Kirk Pearce, “What
Were the Alternatives to Asbestos That Were Explored and Adopted over Time: A Comprehensive Overview,” Supernova blog,
August 10, 2024,

151 Seung-Hyun Park, “Types and Health Hazards of Fibrous Materials Used as Asbestos Substitutes,” Safety and Health at
Work, Vol. 9, No. 3, September 2018; Pearce, 2024.

152 Nancy Krusell and David Cogley, Asbestos Substitute Performance Analysis: Revised Final Report, GCA Corporation, GCA-
TR-81-32-G, U.S. Environmental Protection Agency, February 1982.

153 National Industrial Chemicals Notification and Assessment Scheme, Chrysotile Asbestos: Priority Existing Chemical No. 9,
Commonwealth of Australia, February 1999; Pearce, 2024.

154 paul T. C. Harrison, Leonard S. Levy, Graham Patrick, Geoffrey H. Pigott, and Lewis L. Smith, “Comparative Hazards of
Chrysotile Asbestos and Its Substitutes: A European Perspective,” Environmental Health Perspectives, Vol. 107, No. 8, August
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Assessment of Chrysotile Asbestos Substitutes, October 8, 2008; Park, 2018.

155 World Bank Group, “Good Practice Note: Asbestos: Occupational and Community Health Issues,” May 2009, p. 6.
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Economic Impact

An analysis of the economic impact of the decline of the asbestos industry showed no observable

1%¢ At the country level, marked decreases in asbestos production or consumption or the

impact.
implementation of asbestos bans showed no short- or long-term impact on gross domestic product
(GDP) per capita. This holds for both large asbestos producers and large asbestos consumers.
Furthermore, an investigation of the construction sector (more than half of all asbestos use is in
construction) at the country level similarly showed no impact from changes in asbestos production or
use on sector-level GDP per capita. Finally, an investigation of the regional impact of asbestos mine
closures in the regions of two countries with heavy asbestos production prior to the bans also showed
no impact on GDP relative to the whole country.””’

Conversely, the costs of the asbestos industry have been substantial. Costs include the health
effects, related litigation and compensation costs, and environmental remediation and removal costs.
These costs are estimated to be more than $7 billion per year in the United States alone.'”® Given the
negligible economic impact of eliminating the asbestos market in dozens of countries, combined with
the substantial costs that are associated with sustaining an asbestos market, it appears that banning

asbestos most likely has resulted in a net positive economic impact.

156 Allen et al., 2017.
157 Allen et al., 2017.
158 Allen et al., 2017.
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Chapter 6

Freight Rail

The freight rail industry, while not an obvious analogue to the commercial space industry, offers
insights that address an important aspect of the future use of space for the FAA: cargo transportation.
The safekeeping of cargo and the safety and health of the individuals who will work in the commercial
space sector will be important areas for establishing the standards and rules that will allow commercial
spaceflight to grow beyond areas of tourism, adventure-seeking, individual travel, and scientific
experimentation. The freight rail industry, one of the most important transportation industries in the
United States, represents a long history of regulatory effort to maintain industry growth while
ensuring safety through the development of innovative technologies and other solutions.

Early Regulatory History

Freight rail, while less public-facing than passenger rail, held a similar place in U.S. society during
its nascent years as space exploration does in 2025. Railroads symbolized exploration for the
American people and innovation in U.S. industry, and the rail industry was one of the country’s
largest industries, critical to nearly every sector of the 19th and early 20th century U.S. economy.'*
The railroads were also run by politically influential businessmen—in short, the early history of
railroads is not too dissimilar from the current spaceflight industry. Industrial magnates built out
expansive rail networks across the United States, opening lands and markets to the general public that
previously had been reserved for the intrepid explorer and operated both passenger and freight rail.
The separation of passenger rail and freight rail did not occur until the 1970s, when the U.S.
government consolidated the less profitable passenger rail under Amtrak, leaving freight in the hands
of industry.

An increase in economic prevalence, common use, and injury rates pushed the U.S. government to
eventually regulate the rail industry by passing a series of reforms beginning in the 1880s, 50 years
after railways began crossing the country.’® The physical safety of workers, passengers, and the

159 Dave Donaldson and Richard Hornbeck, “Railroads and American Economic Growth: A ‘Market Access' Approach,”
National Bureau of Economic Research, Working Paper 19213, July 2013.

160 pblic Law 49-104, Interstate Commerce Act, February 4, 1887. Amendments to the Interstate Commerce Act were the
1903 Elkins Act (Public Law 57-103, An Act to Further Regulate Commerce with Foreign Nations and Among the States,
February 19, 1903), the 1906 Hepburn Act (Public Law 59-337, An Act to Amend an Act Entitled “An Act to Regulate
Commerce,” Approved February Fourth, Eighteen Hundred and Eighty-Seven, and All Acts Amendatory Thereof, and to
Enlarge the Powers of the Interstate Commerce Commission, June 29, 1906), the Mann-Elkins Act of 1910 (Public Law 61-218,
An Act to Create a Commerce Court, and to Amend the Act Entitled “An Act to Regulate Commerce,” Approved February
Fourth, Eighteen Hundred and Eighty-Seven, as Heretofore Amended, and for Other Purposes, June 18, 1910), and the
Valuation Act of 1913 (Public Law 62-400, An Act to Amend an Act Entitled “An Act to Regulate Commerce,” Approved
February Fourth, Eighteen Hundred and Eighty-Seven, and All Acts Amendatory Thereof by Providing for a Valuation of the

36



general public was tied to economic safety (i.e., preventing monopolization and perceived unfair trade
tactics) and related bills were passed in quick succession.'® Although these safety regulations did
decrease the number of accidents per employee by 70 percent to 80 percent between 1893 and 1908,
the rail industry continued to grow, hitting peak track ownership in 1916.'¢

Starting with the Great Depression and collapse of the U.S. economy in 1929, the U.S. rail
industry declined as goods and persons traveled less. This decline accelerated with the post-WWII
automobile and jet age.'”® While government central planning contributed to the industry’s collapse,
there is no evidence that safety regulations hampered innovation—research into diesel engines and
automatic signaling persisted through the Great Depression.'**

Railroad Deregulation and the Staggers Rail Act

The emergence of trucking and air freight, along with heavy government investment in those

transportation infrastructures,'®

took market share away from freight rail while market controls over
rail rates, routes, and contracts remained in place, a burden that was not placed on freight rail’s
transportation competitors. To address this imbalance, in the 1970s and 1980s, the U.S. government

eased regulation of the railroad industry with the Railroad Revitalization and Regulatory Reform Act

Several Classes of Property of Carriers Subject Thereto and Securing Information Concerning Their Stocks, Bonds, and Other
Securities, March 1, 1913).

161 49 CFR, Part 231, Railroad Safety Appliance Standards. As outlined in the Federal Railroad Administration’s Railroad
Safety Appliance Standards,

Ultimately, the first Safety Appliance Act was passed by Congress and signed into law on March 2, 1893.
Among other things, the first Safety Appliance Act required the use of power brakes on all trains engaged in
interstate commerce as well as requiring all railcars engaged in interstate commerce to be equipped with
automatic couplers, drawbars, and handholds. In 1903, Congress passed the second Safety Appliance Act,
which extended the requirements of the first Act to any rail equipment operated by a railroad engaged in
interstate commerce. Finally, in 1910 the third Safety Appliance Act was passed requiring that all rail vehicles
be equipped with hand brakes, sill steps, and, where appropriate, running boards, ladders, and roof
handholds. The third Safety Appliance Act also directed the Interstate Commerce Commission (ICC) to
designate the number, dimensions, locations, and manner of application of the various safety appliances
identified in the Act. (Federal Railroad Administration, U.S. Department of Transportation, “Railroad
Safety Appliance Standards,” Federal Register, Vol. 76, No. 82, April 28, 2011, p. 23715)

For more on industry reforms, see the Sherman Anti-Trust Act of 1902 and its use against rail companies in the Northern
Securities Case of 1904 (Public Law 51-647, Sherman Anti-Trust Act, July 2, 1890; Northern Securities Co. v. United States, 193
U.S. 197, 1904.)

162 “By 1916, rail expansion peaked as miles of road owned reached 254,251” (Federal Railroad Administration, U.S.

Department of Transportation, “Implementation of Program for Capital Grants for Rail Line Relocation and Improvement
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Railway Age Gazette, Vol. 48, No. 10, March 11, 1910, p. 9; 40 CFR, Part 262, Standards Applicable to Generators of
Hazardous Waste,

163 Robert E. Gallamore and John R. Meyer, American Railroads: Decline and Renaissance in the Twentieth Century, Harvard
University Press, 2014; Association of American Railroads, “A Short History of U.S. Freight Railroads,” July 2019.
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2017.

165 Nathan Musick, “Public Spending on Transportation and Water Infrastructure, 1956 to 2023,” presentation, Congressional
Budget Office, February 2025.
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and the Staggers Rail Act.'*® Additionally, between the issuances of the two acts, the federal
government limited the ICC's rate-setting authority to agriculture routes and routes without
competition, which permitted rail and shipping companies to negotiate exclusive contracts and opened
avenues for industry consolidation. Between 1980 and 2009, railroads were able to reduce their carrier
rates by half, increase returns from 2 percent to 8 percent, and reinvest more of their revenue into
infrastructure improvements.'”’

The federal government passed several acts in 1980, 1982, 1988, and 1992 to reform safety
regulation in the wake of the ICC'’s reduced market control.'®® These acts were focused on reaffirming
and clarifying the safety jurisdiction of the Federal Railroad Administration across all railroads,
increasing its inspection jurisdiction, standardizing training and certification, and expanding pathways
for whistleblowers and companies to report safety issues and violations.'® The ICC and Federal
Railroad Administration shifted from a mandate-based and specification-based safety approach to a
compliance-based and parameter-based safety approach. Accident rates dropped by 65 percent in the
three decades following the 1980 Staggers Rail Act and ensuing safety acts.'”* This drop was
attributed to not only the safety regulations but also broader regulatory reform and the expanded
ability of railroads to financially implement the changes and invest in rail infrastructure.

Rail Safety Improvement Act and Regulation Obsolescence

The success of regulation of the railroad industry in the 1970s and 1980s is in part attributed to
the fact that the safety and market regulations were enacted separately from each other and were
motivated to support industry growth without compromising passenger and workers safety. This was
also the case with the Rail Safety Improvement Act of 2008 (RSIA)."”! Amended prior to its passing
after the fatal Chatsworth, California, train collision in 2008, RSIA required positive train control
systems on most railroads to prevent collisions, limited the hours of service and increased the rest
periods of rail workers, increased reporting requirements, and expanded whistleblower protections.'”

Industry supported RSIA before and after the Chatsworth accident.'”” The improvements in

166 pyblic Law 94-210, Railroad Revitalization and Regulatory Reform Act of 1976, February 5, 1976; Public Law 96-448,
Staggers Rail Act of 1980, October 14, 1980.
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Act),” March 10, 2009.

173 Bdward R, Hamberger, “Statement of Edward R. Hamberger, President & Chief Executive Officer, Association of American
Railroads, Before the U.S. Senate Committee on Commerce, Science, and Transportation, Subcommittee on Surface
Transportation and Merchant Marine Infrastructure, Safety, and Security Hearing on the Railroad Safety Enhancement Act of
2007,” Association of American Railroads, July 26, 2007.

38



railroader rest time and off-the-clock rights, in addition to the new positive train control requirements,
had no effect on industry profits (see Figure 6.1).

RSIA similarly had no clear impact on accident and injury rates, although trends remained flat or
decreased for nearly a decade following its passing (see Figure 6.2). More recently, accident and injury
rates have been on the rise as industry changes outpace safety measures. Logistics innovations have
switched industry practices from quicker and shorter trains to slower and longer trains to maximize
how much can be hauled within the legal safety parameters. Safety regulations concerning key rail
components, such as brakes, are outdated, leading to such accidents as the one in East Palestine, Ohio,
in 2023."* Although seven different rail safety bills have been introduced in Congress since the East
Palestine accident, no action has been taken in part because of industry lobbying that further
regulation will, at this point in time, hamper industry innovation and growth.'”

Figure 6.1. Finances of the Freight Industry, 1997-2024

SOURCE: Features data from Surface Transportation Board, “Quarterly Earnings Report,” webpage, undated.

174 Ben Goldman, Freight Rail Safety Issues in the 119th Congress, Congressional Research Service, R47911, version 5, August 1,
2025.

175 Courtney Norris and Ethan Dodd, “Buttigieg on Why Rail Safety Measures Have Stalled One Year After East Palestine
Disaster,” PBS News Hour, February 16, 2024.
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Figure 6.2. Changes in Rail Safety Incident Rates, 2003-2023

SOURCE: Features data from Goldman, 2025.
NOTE: Along the y-axis, 1is the baseline incident rate for each category experienced in 2003.
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Chapter 7

Automotive Environmental Regulation

The federal regulation of automobile emissions offers several insights and lessons for the FAA and
the commercial space industry. The automotive sector provides a detailed example of the application
of both technology-based and technology-forcing regulations and standards for the purpose of
ensuring a minimum level of health, safety, and environmental sustainability. Like commercial
spaceflight, this case study deals with vehicles that transport private individuals, the industry’s
requirement to respond to consumer needs, and the industry’s responsibility to minimize social and
economic costs on both sides of the business relationship. Additionally, the subject of regulation in
both industries is intended to address potentially toxic substances that can harm the individual
customer (in a confined space) and the greater environment. The automotive and commercial space
industries must also contend with fuel and vehicle performance issues to maximize revenue without
compromising health and safety.

Automotive emissions regulation seeks to reduce harmful, toxic, and greenhouse effect—enabling
pollutants emitted by internal combustion engine—driven cars and trucks. Because pollution is
regarded as a public safety issue, regulators regularly revisit and amend emissions regulation as
automotive technology improves and the industry changes. The U.S. government has historically
taken two approaches to regulating automotive emissions: regulating according to existing technology
or regulating according to anticipated future innovation. The former is technology-based regulation,
prominently seen with the catalytic converter requirements of the Clean Air Act Amendments of
1970; the latter is technology-forcing regulation, used in the Clean Air Act Amendments of 1990.'7
Both approaches have been effective in reducing automotive emissions while incentivizing innovation.
However, between the two regulating approaches, technology-forcing regulation has proven better at
continually incentivizing manufacturers to pursue new technological paths to meet regulatory
standards rather than forcing a single technological pathway.

Key Provisions of the 1970 and 1990 Clean Air Act Amendments

The 1970 and the 1990 Clean Air Act Amendments have generally governed automotive
emissions, the latter of which expanded on the authorities of the former. The 1970 amendments gave
the newly created EPA the authority to set limits on certain air pollutants in ambient air and those

176 public Law 91-604, Clean Air Act Amendments of 1970, December 31, 1970; Public Law 101-549, Clean Air Act
Amendments of 1990, November 15, 1990.

41



coming from specific sources (e.g., power plants, utilities, automobiles, factories).””” The 1970
amendments had the following overarching goals:'"®

e to reduce outdoor and ambient concentrations of air pollutants determined to cause smog,
haze, acid rain, and other air-based hazards
e to reduce emissions of toxic air pollutants that cause serious health issues

e to phase out pollution and the use of chemicals that destroy stratospheric ozone.

The 1970 amendments required the automotive industry to reduce its hydrocarbon, carbon oxide,
and nitrogen oxide emissions by 90 percent within five years to six years after the law’s enactment.'”
This requirement was challenging because there were few ways to achieve these emissions reductions
without catalytic converters, a technology that was, at the time, still novel to the automotive industry
and not yet widely used.'® Notably, the car manufacturer Honda developed a method of efficient
combustion that achieved the initial emissions standards without the need for a catalytic converter.
This became a market advantage because Honda was able to lease that technology to other companies
that were unable to meet emissions standards. Honda profited by bridging this gap for other
manufacturers until 1981, when catalytic converters became a requirement.'®'

The automotive industry eventually met these emissions reduction requirements, producing the
necessary innovations as quickly as possible and then pivoting their innovation efforts toward other
ends (e.g., power, torque, fuel efficiency, durability) because there was no direct incentive to innovate
toward further emissions reductions.'®

The 1990 Clean Air Act Amendments updated and reconfigured the EPA’s pollution regulation
authority to better achieve the EPA’s goals of reduced pollution and improved air quality.'® These
amendments shifted from technology-based regulations (regulating according to where the technology
is at the time of regulation) to technology-forcing regulations (regulating according to where the
technology should be in the future). Section 202(a)(3)(A)(i) of U.S. Code, Title 41, requires, for new
motor vehicles and engines, “the greatest degree of emission reduction achievable through the
application of technology which the Administrator determines will be available for the model year to
which such standards apply, giving appropriate consideration to cost, energy, and safety factors
associated with the application of such technology.”’®* The EPA, per the 1990 amendments, must

look forward to what technology will be.
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When the 1970 amendments required the catalytic converter for all automobiles by 1981, the
technology was already in use, even if its use was limited. The 1990 amendments set emissions
reductions to be independent of a single technology; instead, the government regulated on the basis of
what it wanted technology to achieve in the future. The 1990 amendments recognized the authority of
the U.S. Department of Transportation to set category-based, fleet-wide emissions averages for all
automobile producers selling on the U.S. market: light-duty vehicles (cars), light-duty trucks (pickups
and sport utility vehicles), heavy-duty trucks (commercial pickups and vans), and motorcycles.'®
These standards are tied to the corporate average fuel economy, a concept first introduced in the 1975
Energy Policy and Conservation Act.’®® The 1990 amendments use these regularly increasing
corporate average fuel economies to inform emissions regulations and ensure that the industry has
consistent targets that it must hit.

As we discuss in the next section, both technology-based and technology-forcing regulations rarely
affect innovation in a negative manner. Instead, they frequently spur innovation and cost less than
anticipated; technology-forcing regulations in particular are successful at sustaining innovation.'?’

Evidence for Success of the Clean Air Regulations

Automotive emissions regulation demonstrates a pragmatism toward maintaining auto
performance functionality: meeting improved emissions standards, which necessitates performance
improvement and efficiency and results in innovation that regularly brings engines back to previous
performance outputs, if not higher.'®® Varying levels of success can result. Berggren and Magnusson
synthesize and attribute success from the effort of regulation to maintain performance functionality to
three factors: the “competence and credibility of the regulatory agencies,” competition that is
encouraged by “firms outside the industry,” and the role of technological advancements.'®

In considering the competence and credibility of regulatory agencies specifically, the most vital
aspect of technology-forcing regulation appears to be regulators’ demonstrated understanding of the
issue and a willingness to enforce their standards."” Because industry actors can delay regulations by
exploiting information asymmetry—such as obfuscating their technological capabilities or purposely
not investing in research and development—regulators must account for ways to counteract such

185 pyublic Law 101-549, 1990.

186 piblic Law 94-163, Energy Policy and Conservation Act, December 22, 1975; David Gerard and Lester B. Lave,
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action, such as tailoring standards around specific technologies or initially introducing less stringent
standards to encourage compliance.”! Similarly, allowing information asymmetry to exist means that
regulators will not be able to credibly refute industry claims that they are unable to meet a standard."”
Industry actors need to know that regulators will enforce their standards.

The introduction of the 1970 Clean Air Act Amendments elicited significant industry resistance.
Some automotive manufacturers went so far as to argue that such regulation could “do irreparable
damage to the American economy.”*””> General Motors Corporation and Ford Motor Company
pushed back on requirements to implement catalytic converters in their vehicles. Both argued that the
emissions regulations outlined in the act were “excessive” and estimated that it would cost
approximately $860 per vehicle to comply with adding catalytic converters.”** Just a few short years
later, the National Academy of Sciences produced a report showing that the actual cost was much
lower at $288 per vehicle.'”” As some point, despite these significantly lower than expected costs,
compliance still represented a cost burden and an economic risk for manufacturers, who argued for a
“phase-in” of catalytic converters.'”®

Amid these risks, manufacturers did adapt to the regulations, each for their own reasons. General
Motors seemingly adopted the catalytic converter in an effort to “improve the company’s image,” while
Ford may have done so to compete with General Motors, not willing to risk the alternative.””” Most
importantly, both manufacturers recognized the improved performance abilities that were inherent in
catalytic converters. It also appears that “constant, credible regulatory pressure” ultimately influenced
General Motors and Ford to comply in 1975, albeit to varying degrees."®

Then there is Johnson Matthey, an example of how automotive regulations led to market
participation by a firm outside the automotive industry. Johnson Matthey was a precious metals
company, mostly focused on catalyst systems for industrial processes rather than for automotive
purposes.'” However, when the EPA introduced the 1970 Clean Air Act Amendments, Johnson
Matthey developed a technology to meet these new requirements by refining the existing automotive
catalytic converter. As we discussed above, until this point, many U.S. automakers were resistant to
complying with the new EPA standards, arguing that the standards were unattainable. However,
during 1972 hearings held by the EPA, Johnson Matthey’s research on the topic was presented to
refute this claim, leading the EPA to reject automotive manufacturers’ requests for a one-year delay in
regulation enforcement.”® Johnson Matthey would go on to demonstrate its platinum-based auto
catalyst to several U.S. automotive manufacturers.
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Johnson Matthey’s entrance illustrates how outside firms can stimulate industry-wide research
and development. The EPA’s regulations created a demand while also reducing uncertainty around a
market need for such innovation.””* Additionally, by publicizing Johnson Matthey’s technological
advances, the EPA helped reduce information asymmetry (an important factor in improving

credibility) and motivated automakers to make the necessary investments to comply with the

standards.?*?

Finally, some evidence suggests that such technology-forcing regulations as the 1970 and 1990
Clean Air Act Amendments resulted in—and were made successful by—technological advancements
and innovations.”” These innovations were largely driven by automotive manufacturers and
component suppliers (such as Johnson Matthey) and resulted in more than 90 percent of the patents
for this industry.””* In the years following the 1970 amendments, early innovation naturally focused on
catalytic converters but later shifted to electronic systems, and automotive manufacturers led the
effort.””® Most importantly, it was the very rigid nature of the technology-forcing regulations that led
automotive manufacturers to explore new solutions, increase their “level of innovative effort,” and
adopt the catalytic converter and future technological innovations for emissions control.>*

201 Tao et al., 2010, p. 160.
292 Tao et al., 2010, p. 162.
203 Lee et al., 2010, p. 260.
204 Lee et al., 2010, p. 260.
205 L ee et al., 2010, p. 260.
206 I ee et al., 2010, p. 260.
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Chapter 8

Workplace Exposure to Cotton Dust

Although cotton textile mills and spacecraft operate in radically different settings, the debate that
surrounded potential OSHA regulation to limit textile workers’ exposure to cotton dust bears a
striking resemblance to many aspects of the current debate around potential FAA regulation of
human spaceflight safety. For the commercial space industry, the debate focuses on how the extreme
conditions of spaceflight may result in short-term and long-term negative health effects for the
individual participants.””” The eventual OSHA regulation of textile mills was preceded by decades of
disagreement about the necessity of safety regulations and the factuality of the risk. There was vocal
concern that regulation would impose unnecessary and harmful burdens on the textile industry. A
contemporaneous report noted, “Controversy has embroiled the textile industry, labor, government
agencies, researchers, and lawmakers.”””® The debate culminated in reports to Congress and even a
U.S. Supreme Court case, American Textile Mfrs. Inst., Inc. v. Donovan.*® In contrast with the
commercial space industry, the textile industry existed for hundreds of years before regulation, and the
harm that was regulated was not anticipated but rather acute and widespread (despite controversy
over this fact at the time).

Historical Context

Byssinosis is “a collection of respiratory symptoms elicited by exposure to raw, nonsynthetic textiles
during their manufacturing process.””'* Over time, the condition has gone by many names—cotton
workert’s lung, brown lung disease, Monday fever, and mill fever. Conditions manifest only after as
many as 25 years of exposure—the ailment is rare among individuals with fewer than ten years of
exposure to respirable cotton dust.*"" The symptoms start as chest tightness and difficulty breathing
and can ultimately result in total disability or death. In addition to its slow onset, the progress of the
disease can be irregular. Affected individuals commonly report the worst symptoms immediately after
returning to the workplace exposure environment after a weekend away or other brief absence rather
than symptoms building up over days of steady exposure. Some individuals experience severe

297 There are now decades of research on the ill-effects of space on the human body, a subject that has been studied by the
National Aeronautics and Space Administration as part of each launch and as a primary focus of study on the International
Space Station. See, generally, National Aeronautics and Space Administration, “Human Health Countermeasures: Spaceflight
Risks,” webpage, May 15, 2025.

208 Jacqueline Karnell Corn, “Byssinosis—An Historical Perspective,” American_Journal of Industrial Medicine, Vol. 2, No. 4,
1981, p. 332.

299 American Textile Mfrs. Inst., Inc. v. Donovan, 452 U.S. 490, 1981.

210 pyjan H. Patel, Siva Naga S. Yarrarapu, and Fatima Anjum, “Byssinosis,” StatPearls, January 11, 2024.

21 R. McL. Niven and C. A. C. Pickering, “Byssinosis: A Review,” Thorax, Vol. 51, No. 6, June 1996, p. 632.
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conditions without progressing through minor stages. In some cases, individuals are lucky enough to
experience reduced symptoms over time despite continued exposure.

The first reports of the disease may have been French academic descriptions from the 1820s,
which accurately identified it as an ailment afflicting textile workers, particularly in the years following
the invention of the cotton gin.*> However, the nature of the disease complicated its documentation.
Many surveys of cotton workers” health were conducted during the 1800s and 1900s, and many of
these survey administrators ignored symptoms or falsely attributed respiratory illness to other
causes.”” Several survey administrators questioned the existence of the disease entirely:

No evidence was found . . . to support the existence of byssinosis as a clinical entity

arising among employees exposed to upland cotton.”**

The author considers that there is no industry with less hazard and less occupational

disease than the cotton textile inclustry.215

Later studies disagreed, suggesting that byssinosis was in fact endemic. A 1979 U.S. Department
of Labor report to Congress estimated that there were more than 83,000 workers with byssinosis of
various severities. Another study “estimate[d] that 30,000 active and retired textile workers [were
currently] suffer[ing] totally disabling byssinosis.”*'®

Proposed Regulation

In 1971, OSHA adopted a 1 mg/m’ permissible exposure limit for cotton dust. The permissible
exposure limit led to the promulgation of a new standard in 1978 around average dust exposure for
different work areas of textile mills. There was no known safe level of exposure, so the lowest
permissible exposure limit (200 pg/m?) was set at what was believed to be the lowest feasible level that
could be achieved in operations at the time. The new OSHA regulation took effect in 1980.>"

Anticipated and Actual Impacts of the Regulation

The cotton textile industry fiercely opposed the proposed regulation. The American Textile
Manufacturers Institute argued that the standard was economically infeasible to implement and that
OSHA had not appropriately weighed the costs and benefits of the proposed standard.*® The
disagreement ultimately reached the U.S. Supreme Court in 1981, which ruled in favor of the cotton

212 Kendall Emerson, Jr., “Byssinosis,” Transactions of the American Clinical and Climatological Association, Vol. 61,1949, p. 181.
213
Corn, 1981.

214 Wayne L. Ritter and Morris A. Nussbaum, “Occupational Illnesses in Cotton Industries. II. Chronic Respiratory Problems,”
Journal of Industrial Hygiene and Toxicology, Vol. 27, No. 2, February 1945, pp. 47-51.

215 ¢, L. Roman, “Some Reflections upon the Health and Mortality of Cotton Textile Workers,” Canadian Medical Association
Journal, Vol. 55, No. 4, October 1946, p. 398.

216 Corn, 1981, p. 334
21729 CFR § 1910.1043.

218 Rachel Dardis, Ira Block, and Debbie Maness, “Benefit-Cost Analysis of the Cotton Dust Regulation,” Textile Research
Journal, Vol. 52, No. 6, June 1982.
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dust standard, noting that “any standard based on a balancing of costs and benefits would be
inconsistent with the law.””" The court concluded that Congress would need to amend the
Occupational Safety and Health Act if it desired OSHA to issue only regulations from which benefits
exceeded costs.”*

Despite the intense controversy at the time when the regulation was considered and proposed,
hindsight shows no obvious correlation between the implementation of the standard and shifts in
industry output. Figure 8.1 shows that industry productivity and output remained stable over time,
with output per employee hour steadily increasing.

The cotton dust case study provides an illustration of a safety regulation imposed in an
environment of deep controversy and concern that the regulatory action would harm or hinder
industry. In this case, those concerns proved to be unfounded. The risk to worker health was real, and
there was not, in fact, a trade-off between worker productivity and worker safety.

219 Dardis, Block, and Maness, 1982, p. 380.
220 pyblic Law 91-596, 1970.
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Figure 8.1. Cotton and Synthetic Broadwoven Fabrics Industry Production Indexes, 1972—-1991

SOURCE: Features data from Mary Jablonski, “Multifactor Productivity: Cotton and Synthetic Broadwoven Fabrics,”
Monthly Labor Review, Vol. 118, No. 7, July 1995.
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Chapter 9

Findings and Conclusion

The FAA’s dual mandate to promote the growth of the commercial space industry while also
ensuring the safety and health of individual spaceflight participants and public safety generally is a
challenging balance to achieve. The ultimate answer of when and how to regulate commercial space
depends on the trade-offs that all industry stakeholders can agree on or at least under which continue
to function and operate. In this report, we described those characteristics and attributes of regulatory
theory that may empower the FAA to approach and analyze these trade-offs such that the potential
impacts of such regulations strike the appropriate balance between growth and safety.

Our findings and conclusion are informed by six case studies, each of which offers certain benefits
and insights but also particular liabilities and gaps. Space, as a domain of human activity, is nearly
entirely unique in the physical and environmental challenges it presents. No terrestrial analog exists
that matches its conditions: the absence of a natural breathable atmosphere, microgravity, intense
radiation, extreme velocities and temperatures, unpredictable and dangerous debris, and the absence of
binding traffic management, to name a few. Therefore, each case study is necessarily wanting in terms
of analogy. Notwithstanding, our report shows that the application of regulation to any human
activity has certain innate and comparable characteristics, as described by both SCT and ETR. The
exploration of the case studies informs how the FAA may apply SCT and ETR to the space domain.

Findings

Our findings offer the FAA regulatory concepts that the agency may apply to produce desired
outputs for spaceflight based on how the U.S. government previously applied those concepts in our six
case studies. Those concepts are as follows:

1. From SCT, the role of government regulatory agencies is to balance the autonomy of
commercial private firms against those firms’ societal obligations to serve the public good and
not harm individuals. Given the unequal bargaining power and information dynamic between
an individual—even a wealthy person—and a spaceflight company, the FAA may consider
serving as an advocate, to the extent that such an action mitigates or resolves the power
differential.

2. Government agencies may accomplish this balancing act by employing ETR, which assumes
that all strategies of social regulation of private activity are imperfect. Therefore, government
agencies should assess the trade-offs between the disorder of a marketplace dominated by
commercial firms and the dictatorship imposed by excessive centralization of control of the
activities at hand. The Pareto optimal point of regulation along the IPF curve is midway

50



between private orderings and court litigation at one end (disorder) and policies and programs
of the regulatory state and socialism on the other (dictatorship).

Given this, the FAA may (1) consider regulations that encourage the contract relationship and
(2) accept court intervention to address conflicts between private firms and individual
spaceflight participants. However, under ETR, the contracts need to be bounded to ensure
individual rights and protections, equality of bargaining power, and sufficient clarity to
minimize the need to engage in litigation when conflicts arise.

Concurrently, ETR encourages the FAA to assess a level of acceptable risk for the spaceflight
participant and refrain from issuing rules to mitigate or resolve risk below that level. The zone
of acceptable risk is where the private firm and individual bargain freely. To perform this
trade-off, ETR assumes that the FAA will employ regulators with sufficient expertise to
continually reassess risk and risk tolerances in the environment.

ETR also suggests that the FAA refrain from issuing prescriptive rules that dictate the design
of technologies, activities, or contracts.

Safety and health regulations are effective when properly crafted and social regulations
generally correlate with increased innovation in the marketplace. For space, therefore, a
primary goal is the application of SCT and ETR to produce regulations that mitigate negative
safety and health externalities by

a. promoting innovation through technology-forcing rules and standards that support long-
term industry growth and public safety

b. increasing market information and transparency

c. placing the burden of harm reduction on the providers and requiring providers to disclose
where the potential for harm is high and scientific understanding is low

d. developing risk-based regulations that do not impede innovation and mitigate the risk that
catastrophic harms could inure public opinion against commercial space

e. performing benefit-cost analyses that keep compliance costs as low as possible but provide
high incentives for innovation

f. encouraging the diffusion and adoption of new technologies and innovations throughout
the marketplace.

To address occupational exposure to lead, asbestos, and cotton dust, the government imposed
exposure standards on companies where workers were unable to adequately bargain for safe
and healthy conditions. Although at face value, lead and asbestos regulation impeded industry
growth, at a broader level, those regulations led to substantial innovation to develop substitute
technologies that stimulated growth for the various industries that had theretofore relied on
lead and asbestos. In this respect, the regulations succeeded in balancing industry growth and
public safety.

To reduce automobile emissions, the government imposed time-phased, technology-forcing
performance requirements to balance industry growth and public safety. In doing so, the
government also achieved a balance that provided sufficient advocacy for individuals while
minimizing disruptive litigation. The resulting litigation and contract bargaining supported
stability in the marketplace rather than creating additional decision or practice inconsistency
or chaos that would jeopardize industry growth or public safety.
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9. In the nuclear power industry, the government successfully developed performance-based
safety and health regulation as the commercial nuclear industry emerged. Faced with the same
dual mandate to facilitate industry growth without compromising public safety, regulators
focused on detailed risk and cost analyses before imposing rules that relied on scientific
understanding from the government’s nuclear programs. Oversight was balanced with an
understanding of the complexity of the activity along with the potential for catastrophic risk.
The government protected public safety by imposing technology-forcing standards and, at the
same time, supported the nascent commercial industry with financial incentives and liability
protections. As a result, even when major accidents occurred, public confidence remained
stalwart such that the industry continued to grow.

Conclusion

Regulations, if designed well, correlate with both the growth of an industry and the protection of
public safety and health. Although we cannot establish causation between regulations and growth,
strong correlations indicate a positive relationship. The assumption that regulations can only harm
corporate growth is erroneous and not supported by the social and economic science. Without careful
design, however, and without first performing the underlying due diligence to measure the risks and
costs, regulations can fail to bring about increased public safety and health, decrease innovation, and
suppress growth.

The FAA has statutory obligations to facilitate the growth of the commercial spaceflight industry
and ensure public safety, particularly spaceflight participant safety and health. Our research indicates
that the agency can develop and issue regulations that meet both obligations. As our case studies
exemplify, if regulations are grounded in SCT and ETR principles, the agency will very likely be able
to balance the needs and obligations of the private commercial space sector with the needs of the
sector’s customers and the public at large. The FAA may achieve this point of optimality by ensuring
that regulations increase predictability, support equitable bargaining power, and focus on
performance-based outcomes. Meeting these objectives will put the agency in the best position to
incentivize the development of technologies that enhance the safety of the activities and the growth of
the commercial spaceflight market and markets that relate to or support commercial spaceflight.
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Abbreviations

AEC
CFR
EPA
ETR
FAA
GDP
ICC
IPF
OSHA
RSIA
SCT
TSCA
U.S.C.
WWII

Atomic Energy Commission

Code of Federal Regulation

U.S. Environmental Protection Agency
enforcement theory of regulation
Federal Aviation Administration

gross domestic product

Interstate Commerce Commission
institutional possibility frontier
Occupational Safety and Health Administration
Rail Safety Improvement Act

social contract theory

Toxic Substances Control Act of 1976
U.S. Code

World War II
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