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1. INTRODUCTION

Computing the so-called Business-as-Usual (BaU) scenario, i.e., solving for a decentral-
ized equilibrium in Integrated Assessment Models (IAMs) with environmental external-
ities, is not a trivial task. As noted by Shiell and Lyssenko (2008), simple optimization
procedures tend to internalize the cost of pollution, which contradicts the very notion of
BaU. Nevertheless, the literature frequently refers to the BaU scenario in climate-change
IAMs, most notably in the DICE model (Nordhaus, 1992, 1993, 1998, 2018), as the reference
trajectory that projects the future path of the economy without any new policy interven-
tions, particularly without climate policies such as carbon taxes or emissions regulations,
but under the assumption of a central planner maximizing social welfare.! In other mod-
els, simply the negative externality is ignored. However, a proper BaU scenario should
reflect a setting in which agents act based solely on private incentives, without internal-
izing environmental externalities. It serves as the benchmark against which the costs and
benefits of climate policy interventions are assessed.

These practices have led to a misunderstanding of the true meaning of the BaU sce-
nario. On the one hand, if pollution damages are ignored, the BaU scenario overstates
economic performance and can bias policy evaluations. A proper BaU should reflect the
underlying market failure and their impact on the economy. On the other hand, models
such as the standard DICE model are not computed as decentralized economies (Golosov
et al., 2014). Instead, DICE is formulated as a social planner’s problem, i.e., a centralized
framework in which a benevolent planner maximizes aggregate social welfare over time.
In this setup, the planner selects control variables such as consumption, investment, and
possibly emissions abatement to maximize an intertemporal utility function, subject to
the dynamic constraints of the economy and climate system. As a result, all externalities
are fully internalized. This means the model does not capture the behavior of a real-world
market economy in which decentralized agents act based on private incentives and ignore
their impact on the climate. The direct implication is that the standard DICE outputs, such
as the "optimal" carbon price or temperature trajectory, are not the result of decentralized
individual decisions, but rather represent the first-best, socially optimal benchmark. In
other words, DICE is solved as a normative, centralized optimization model that provides
guidance on what should be done, not a positive model that describes what the economy
would do on its own in the absence of policy.

In contrast, modeling a decentralized economy requires explicitly representing both
firms and households as decision-makers who respond to private costs and benefits,
without internalizing the environmental damage they cause. This setup must also in-
clude a market structure where emissions function as a negative externality. Within this
framework, the competitive decentralized equilibrium can be extended to a Ramsey-style

1Other examples of climate-change IAMs where the economy module is formalized with a micro-founded
general equilibrium model are the ETA-MACRO (Model of Energy-Economy Interactions) by Manne (1977),
the GLOBAL-2100 model of Manne and Richels (1992), the CETA (Carbon Emissions Trajectory Assessment)
model by Peck and Teisberg (1992), the MERGE (Model for Evaluating Regional and Global Effects) model
by Manne et al., (1995), or the work of Golosov et al. (2000).
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second-best allocation by introducing policy instruments, such as Pigouvian taxes or cap-
and-trade systems, to partially correct for the externality. The key insight is that, in a de-
centralized economy, the social cost of environmental damage is not automatically inter-
nalized. Instead, it influences the optimal behavior of private agents only if appropriate
policy mechanisms are in place. This creates a feedback loop: private decisions affect the
environment, and environmental degradation, in turn, shapes future economic outcomes.
Accurate capture of this interaction is essential for evaluating the effectiveness and wel-
fare implications of environmental policy.

A different challenge arises when the Integrated Assessment Model (IAM) is not
global, but instead consists of multiple regions. In this case, there is more than one agent
contributing to the environmental externality, and emissions by one agent affect others
as well. This is the structure used in models such as RICE (Nordhaus and Yang, 1996;
Nordhaus and Boyer, 2000; Yang, 2003) and in Krusell and Smith (2024). In a multi-region
setting, the central planner’s solution corresponds to the Nash equilibrium of a non-
cooperative game in which each region internalizes only the damages it imposes on itself,
while ignoring the external effects of its emissions on other regions. As a result, the exter-
nality is only partially internalized, even in the so-called planner’s solution. However, a
similar conceptual misunderstanding occurs in Nordhaus and Yang (1996), Nordhaus and
Boyer (2000) and Yang (2003), where the BaU scenario is identified with the outcome of
a regional-level social planner who does not implement any emissions abatement policy.
This approach again conflates a partially internalized externality with a truly decentral-
ized market outcome. By contrast, Krusell and Smith (2024) correctly address the issue by
computing the BaU scenario as the outcome of a competitive equilibrium, in which each
agent acts based solely on private incentives, fully ignoring the external effects of their
emissions and considering damages as exogenous.

In the literature, there have been several efforts to “decentralize” IAMs in envi-
ronmental economics, such as the well-known DICE model, by adopting market-based
frameworks (e.g., competitive decentralized general equilibrium models with pollution
externalities) in which emissions are not internalized by private agents. This approach en-
ables the construction of BaU scenarios or policy counterfactuals that reflect decentralized
behavior. It also allows for meaningful comparisons between decentralized equilibria and
the central planner’s solution, thereby quantifying the potential welfare gains from regu-
lation. Notable examples of this approach include Shiell and Lyssenko (2008), Golosov et
al. (2014), Hassler et al. (2021), and Krusell and Smith (2024).

This paper follows the recent strand of literature that models decentralized economies
within Integrated Assessment Models (IAMs). Specifically, it employs a fixed-point algo-
rithm to solve for the decentralized equilibrium, interpreted as the BaU or laissez-faire
scenario, in the DISE-2024 model (Bongers and Torres, 2025). DISE-2024 is a global IAM
focused on the space environment, where the environmental externality takes the form
of orbital debris. Satellite launches and orbital operations generate debris that can collide
with functioning satellites, often with catastrophic consequences. Moreover, large objects
such as derelict satellites and spent rocket stages can fragment into thousands of smaller
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pieces through breakups or explosions.? The presence of orbital debris introduces a neg-
ative externality, causing a divergence between private and social costs. As a result, com-
petitive equilibrium allocations are inefficient. In this context, the private returns to space
capital (e.g., satellites) do not fully account for the environmental costs imposed on the
orbital commons. Agents thus perceive the returns to satellite investment as higher than
they are from a social perspective, leading to overinvestment in space capital relative to
the social optimum.

The basic idea of our approach is similar to that used by Krusell and Smith (2024) in
the context of climate change. Krusell and Smith (2024) propose a fixed-point iteration
method to compute the competitive equilibrium. The method begins with initial guesses
for the global temperature trajectory and the sequence of regional transfer payments (e.g.,
from carbon taxes). They then solve the Bellman equation backward in time to derive
time-dependent decision rules (policy functions). Using these rules, they simulate the
economy forward, producing updated paths for global capital, consumption, emissions,
and temperature. This procedure is repeated until the initial guesses and the resulting
trajectories converge, achieving a fixed point that represents a consistent decentralized
equilibrium.

In this paper, we adopt a similar fixed-point strategy, but instead frame the model
as a nonlinear programming problem. In each iteration, the optimal path of economic
and environmental variables is computed under the assumption that the environmental
externality is not internalized. Starting from an initial guess for the trajectory of orbital
debris and its associated damages, we solve the optimal growth model over a given time
horizon to obtain a new debris and damage trajectory. This updated externality path is
then fed back into the model, which is re-optimized. The process is repeated iteratively
until the damages converge to a fixed point, ensuring consistency in the decentralized
equilibrium. The laissez-faire trajectories for the main variables are compared to the social
planner’s trajectories as a benchmark for investigating optimal orbital debris mitigation
policies.

The remainder of the rest of the paper is organized as follows. Section 2 present the
model for a decentralized economy. In Section 3, a global economy-space model is devel-
oped to show the relationship between the final output of the World economy and the
amount of satellites in a space environment affected by orbital debris. Section 4 presents
the competitive decentralized solution whereas Section 5 presents the decentralized solu-
tion algorithm. In Section 6, the model is calibrated. Section 7 presents the main results
from the simulation of the model. Finally, Section 8 presents some conclusions.

2. RELATED LITERATURE

The literature has addressed this issue by developing alternative approaches for comput-
ing decentralized equilibria in the presence of negative externalities. Shiell and Lyssenko

2 A particularly concerning feature of orbital debris is its self-reinforcing nature: collisions generate de-
bris fragments that, in turn, increase the likelihood of further collisions. This feedback loop leads to an en-
dogenous process of debris accumulation, a phenomenon known as the "Kessler Syndrome" (Kessler and
Cour-Palais, 1978; Kessler, 1991). Over time, it may render entire orbital regions unusable.
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(2008) propose one such method, the so-called N-agent approach, to construct a BaU sce-
nario in a dynamic general equilibrium model with a pollution externality. They identify a
key problem in standard IAMs: even when attempting to model a no-policy world, pollu-
tion costs are often unintentionally internalized due to the optimization framework used.
To overcome this, Shiell and Lyssenko (2008) simulate the economy as composed of many
identical agents, each of whom acts in their own self-interest while ignoring their negli-
gible individual impact on the environment. As the number of agents becomes large, the
aggregate outcome approximates a setting where the externality is fully uninternalized,
i.e., a true market failure. This approach generates a BaU trajectory that accurately reflects
the decentralized behavior of economic agents and provides a more appropriate baseline
for evaluating the costs and benefits of climate policy.

Rezai (2010) argues that the original DICE model’s BaU scenario is flawed because it
assumes zero abatement and ignores pollution damages, making climate policy appear
costly and intergenerationally unfair. By correcting the BaU to reflect marginal damages
from emissions, Rezai shows that early and strong mitigation is not a sacrifice but a Pareto
improvement that benefits both current and future generations. Rezai (2011) argues that
the perceived cost of climate policy hinges on the choice of BaU as a reference point. Tra-
ditional BaU scenarios assume no climate regulation and thus reflect an inefficient market
outcome with excessive investment in polluting capital. He shows that comparing climate
policy to this flawed baseline overstates its opportunity cost, whereas using an efficient,
internalized baseline reveals that mitigation can increase overall welfare and avoid un-
necessary overinvestment in dirty technologies. Rezai et al. (2012) argue that the standard
BaU scenario, defined by a hybrid constrained optimal path, mischaracterizes the true
economic baseline by ignoring uncorrected greenhouse gas externalities. When the BaU
is properly understood as an inefficient equilibrium with excess pollution investment, in-
ternalizing emissions through mitigation shows no opportunity cost: diverting resources
from conventional investment to climate action raises welfare for both current and future
generations, yielding a Pareto improvement.

Nordhaus and Boyer (2000) solve the RICE99 model (an extension of the RICE model
by Nordhaus and Yang (1996) with an energy supply module) for a decentralized setting.
The decentralized (non-cooperative) equilibrium is solved by setting up the optimization
problem for each region and solving them simultaneously as a static Nash equilibrium at
each time point, that is, they set up a system of simultaneous optimality conditions and
solve for all regions together, effectively solving for the Nash equilibrium in one large
optimization problem.

Other authors calculate the paths for the competitive decentralized economy but as-
suming that the behavior of households and firms is independent from the environmental
externality, that is, they do not adjust their behavior depending on the externality dam-
ages. This is the case of IAMs where the economy is exogenous (they are not based in the
optimal growth model), or models where the environmental externality if fully ignored.

An alternative approach is provided by the analysis of Golosov et al. (2014). They de-
velop a dynamic stochastic general equilibrium (DSGE) model that incorporates climate
damages, where households and firms act in a decentralized manner, and the government
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imposes a Pigouvian carbon tax to internalize the externality. The authors derive condi-
tions under which the optimal carbon tax path replicates the planner’s solution. Under
a specific set of assumptions (logarithmic utility, Cobb-Douglas production, 100% capital
depreciation, and climate damages that reduce total factor productivity), the saving rate
becomes exogenous. In this framework, agents do not respond to the externality as a re-
sult of optimization, but rather because the externality is effectively neutralized in their
decision-making. Intuitively, a future decline in TFP due to emissions creates two offset-
ting effects: a substitution effect that discourages saving (since the return to saving falls),
and an income effect that encourages saving (because lower future productivity makes the
future poorer). Under the stated assumptions, these effects exactly cancel out. A similar
strategy is employed by Hasslet and Krusell (2012) for a multi-region model, and by Has-
sler et al. (2021) to evaluate the consequences of suboptimal climate policy by examining
the effects of setting carbon taxes at incorrect levels.

Finally, Krusell and Smith (2024) models a multi-region economy with heterogeneous
agents (regions) and computes decentralized equilibrium paths where regions act non-
cooperatively. Their BaU scenario is computed using a fixed-point algorithm for a decen-
tralized equilibrium. Each region maximizes utility without taking into account climate
damages. Damages are computed and evolve, but do not enter agents’ objective functions.
This yields a realistic BaU path that reflects market failure due to climate inaction.

3. THE MODEL

This section describes the structure of the DISE-2024 model (Bongers and Torres, 2025).
The model is a global space-economy model that covers not only the planet Earth but also
the outer space. The DISE-2024 model has a similar general structure to climate-change
IAMs but adapted to the particular characteristics of the outer space environment and
specifically designed to study the economic and welfare implications of orbital debris. As
standard climate-change AIMs, the DISE-2024 model is a combination of two sub-models:
an economy model and an environmental model of pollution in the space. Emissions of
debris, in-orbit endogenous generation of debris, and damage functions link the two sub-
models.

The economic part is represented by an optimal growth model for the world economy
comprising two capital inputs, where "satellites" are an additional type of capital in the
aggregate production function. It is based on the neoclassical general equilibrium growth
model initially developed by Ramsey (1928), further developed by Koopmans (1963) and
Cass (1965). The model includes a negative externality that emerges from the pollution of
outer space with orbital junk.? Unlike standard environmental economic models, pollu-
tion does not directly reduce output by reducing aggregate productivity. The cost of pol-
lution on Earth’s orbit comes from the fact that orbital debris increases the risk of collision
and destruction of operational satellites. This, in turn, reduces the stock of in-orbit equip-
ment and thus indirectly reduces production if the destroyed equipment is not replaced

30rbital debris is not the only existing externality in Earth’s orbit. Other externalities are congestion at par-
ticular altitudes, electromagnetic pollution, and radio-spectrum interference of nearby satellites. The DISE-
2024 model focuses on pollution by orbital debris.
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or reduces available resources for alternative uses in the case of replacement. In addition,
the externality can impact economic growth, by affecting capital investment, both in the
space and in the Earth, and the stock of capital in future periods.

The physical part of the model is represented by a tractable aggregate orbital debris
evolutionary model that accounts for all types of debris emissions, with the exception
of intentional debris emissions. As with the economy, the space model is also a global
model for all orbits, from LEO to GEO. Together with the population of operational satel-
lites (and other spacecraft, including two space-stations) we consider the dynamics of the
population of orbital debris. The population of debris considered are objects greater than
1 cm. Debris are divided into three types: Derelict non-deorbited dead satellites, rocket
bodies, and fragments. A key characteristic of the model is that dead satellites and rocket
bodies can breakup either by internal factors or by collision with other objects, generating
additional fragments.

One particular characteristic of DISE-2024 is that the model includes variables that
are defined in two dimensions: physical variables and output-measured variables. We
consider a mapping between physical variables of the space sector (i.e., number of satel-
lites, number of satellites destroyed by collision) and the corresponding variables of the
economic model (i.e., the value of satellite assets). Physical variables are represented in
capital letters, while economic output-measured variables are represented in lowercase
letters.

3.1 The economy model

The economy part of the model is based on the Ramsey (1928) optimal neoclassical growth
model tailored to consider human activity in space. Time is discrete running to an infinity
horizon.

3.1.1 Households The economy is inhabited by a large number of infinity-lived identi-
cal households. There is a representative household with instantaneous utility U(é;, N),
defined over per capita consumption ¢;, and where N; is population. The aggregate con-
sumption, ¢, is defined as ¢; = é;N;. The function U(é;, N;) is the flow of utility which it is
assumed to represent social well-being. The function U(-) is assumed to be concave and
twice continuously differentiable.

The problem to be solved by the stand-in household consists in choosing the optimal
consumption path that maximizes the sum of discounted utility,

e}

1 \!
MAX [ p 100 — ) U(¢é, N, 1
{Ct}t_ot_z()(1+p) ( t t) ( )
where p > 0 is the subjective intertemporal preference parameter or the pure rate of social
time preference. The social discount factor, 0 < p < 1, is defined as p =1/(1 + p). There
is a continuum of identical households, each of whom has preference that are character-
ized by the following instantaneous constant relative risk-aversion (CRRA-type) utility
function,

1—0

Al—o
U(ct, Ny) = (Ql) N; )
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where the parameter ¢ > 0 represents the intertemporal marginal consumption elasticity
also equal to the relative risk aversion. For the case in which o =1, the utility transforms
in a logarithmic function. The parameter ¢ can also be interpreted as a measure of social
aversion to changes in consumption (Nordhaus, 1993). Households are assumed to have
an inelastically labor supply.

This household satisfies the following budget constraint,

cr + i + 15 = rfky + ris; + wiNy + 711 3)

where i¥ is investment in physical capital other than satellites (Earth capital), i{ is invest-
ment in satellites (space capital), which also include all costs to insert satellites into orbit,
and y; is final output. The rental rate of Earth capital is r¥, the rental rate of satellites is 7{,
and w; is labor income. They also receive dividends, 7t;. All prices are defined in output
units and normalized to one.

Inserting a satellite into orbit requires the use of a launch vehicle, which is costly. As
a result, not all space investment spending is converted into productive space capital. To
account for this, investment in space capital is divided into two components:

i =he + 1 4)

where 1, is the cost of satellites, and [; is the cost of launch. The launch cost is interpreted
as an installation cost necessary to build up the stock of satellites. To deploy a satellite
capable of providing services, a launch vehicle must be used. This launch cost is modeled
as a fixed adjustment cost per unit of investment, reflecting the fact that launch prices are
typically fixed per kilogram of satellite mass, though they may vary depending on the
target orbit. Alternatively, the launch cost can be viewed as a wedge or premium over the
purchase price of space capital.
The Earth capital accumulation process is the standard inventory equation:

ki1 = (1— 8 )k; + i (5)

where 0 < J; < 1 is the Earth capital depreciation rate.
The stock of satellites, measured in final output units as an equipment asset, is denoted
by s, and is given by the following process,

Sp41 = (1 — ds)st + gehy — x4 (6)

where 0 < §; < 1 is the depreciation rate for satellites, and x; is the loss of satellites assets
by collisions (damage from space pollution) to be defined later. This accumulation process
establishes the link between the space environment and economic activity. Damage results
in the destruction of satellites, the reduction of space capital stock used in production, and
the reduction of the final output if the loss asset is not replaced. The stock of satellites law
of motion incorporates an investment-specific technological change component (ISTC),
denoted by g;, (see Greenwood et al., 1997). For simplicity, it is assumed that ISTC only
occurs in the space sector.

4ISTC captures the efficiency of investment in satellites, that is, is a measure of capital quality (embodied
technology) per unit of iinvestment spending in space assets, defined as the price of satellite goods relative
to other consumption and Earth capital goods.
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3.1.2 Firms We assume that all firms have access to the same technology, so we use a rep-
resentative firm and a representative aggregate production function. Output is assumed
to be a Cobb-Douglas type function of aggregate productivity, the stock of physical capital
in the Earth, k;, the stock of satellites, s;, and labor, N;,

yr = atkfls?Ntl*“l*“Z (7)

where a; is the total factor productivity (TFP), representing Hicks-neutral technological
change, and where 0 < a7, ap < 1, are the elasticities of output with respect to Earth capi-
tal and space capital, respectively. Labor is assumed to be equal (or proportional) to pop-
ulation, and hence the labor growth rate is equal to the population growth rate.

The representative firm maximizes profits by choosing the appropriate levels of capi-
tal and satellites given population dynamics. Profits are defined as,

T = yi — riky — risy — wi Ny (8)
3.1.3 Launch cost The installation cost function is defined as:
Iy = myi} ©9)

where m; is the fraction of launch costs over the total investment cost in space capital. The
installation cost is assumed to represent only a fraction of the total investment cost. In the
macroeconomic literature, investment adjustment costs are commonly used to smooth
capital accumulation and to replicate observed investment dynamics. These costs reflect
the idea that adjusting the capital stock is not frictionless, that is, firms cannot install or
reallocate capital instantly or without cost. For space capital, this consideration is partic-
ularly important, as installation costs reduce the effective amount of new capital that can
be accumulated from each unit of investment expenditure. Adjustment costs are typically
modeled as convex functions, implying that the marginal cost of investment increases
with the scale of adjustment. However, non-convex or fixed adjustment cost structures
have also been proposed in the literature (see, for example, Lucas, 1967; Caballero and
Engel, 1999; Christiano et al., 2005). In the case of space investment, though, launch costs
do not exhibit these properties as they are effectively fixed costs, determined primarily
by the satellite’s mass and target orbit altitude, and are charged as a constant amount
per kilogram. Therefore, the fraction of investment in space capital that accumulates into
operational satellites is defined as,

hy = (1 —my)i; (10)

It is assumed that m; is a decreasing function of time, representing decreasing launch
costs based on a learning curve. The launch cost at each period is given by,

Myp1 = exp(gm,)me (11)

gmt = &mo(exp(—omt)) (12)

where g, 0 < 0 is the initial change in the launch cost.
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3.1.4 Exogenous growth sources The model incorporates three exogenous sources of
growth: aggregate neutral technological change, investment-specific technological change
for satellites, and aggregate labor growth. The growth rates of technical change and popu-
lation are not constant, but similarly to climate change IAMs it is assumed that the growth
rate declines over time. Aggregate productivity technological progress is characterized as,

apy1 = exp(gat)ar (13)

where g+ is the growth rate of TFP defined as,

Qat = ga,Oexp(_éat) (14)

where ¢, is the decay rate in the TFP growth rate, and g, is the TFP growth rate at the
initial period (f = 0). We assume a similar specification for the satellite investment-specific
technological progress,

Ger1 = exp(gqt)qt (15)

where g, ; is the growth rate of ISTC defined as,

ot = gqloexp(—éqt) (16)

where J; is the decay rate in ISTC for satellites, and g, 0 is ISTC growth rate at the initial
period.

Finally, we define the dynamics of the population, N;. Population is another source
of growth as it is assumed that labor equals population. Following the specification by
Hassell (1975), population dynamics is defined as,

£\ 6
Nty =N (N) 17)

where N* is the asymptotic population at the end of the simulation period and ¢ is a
parameter driving the population growth rate.

3.1.5 Economic to physical variables mapping Space environment is defined by physical
variables. Some of these variables have an economic counterpart but no others. On the
other hand, some physical variables resulted from economic decisions are key for the dy-
namics of orbital debris. In order to ensure that economic and physical variables are inte-
grated correctly, a mapping between the economy and the space must be established. On
the other hands, We use the number of new satellites inserted into orbit as the numerary
for this mapping.

The first step in the economic-physical variables mapping consists in assuming that
the relationship between investment in satellites net of launch costs, /;, and the number
of new satellites inserted into orbit, H;, is given by,

Ht = ‘Z/lht (18)
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where the parameter y represent a conversion parameter that transforms "economic" val-
ues into "physical" values.> Notice that this mapping means that satellite’s ISTC affects
the productivity value of the asset but not the quantity of assets. ISTC is considered as
an embodied technological progress in new vintages of satellites. The higher the value of
qt, the larger the output-value of new satellites per unit of investment. In practice, a posi-
tive trend in g; would reflect the decreasing manufacturing costs of satellites.® The second
step in creating this mapping involves connecting the stock of satellites as a capital asset
to output units, s;, with the number of satellites, S;, is given by,

S, =t 19
tﬂqt (19)

Similarly the number of satellites destroyed by collisions, X}, is calculated as

Xp=p— (20)
qt
By substituting the above mappings into the restriction (6), we can derive the equiv-
alent accumulation process for the number of satellites. Therefore, the stock of satellites,
represented by the number of representative satellites, can be expressed as,

Str1=(1—10s)St+ Hy — X; (21)

where 0 < é; < 1 is the depreciation rate of satellites, and X; is the number of destroyed
satellites by collision with debris. Satellites is an equipment asset in orbit. Therefore, each
period, the amount ;S of satellites becomes non-operational and hence, automatically
considered dead intact objects. Satellites that are no longer useful but remain in orbit are
classified as orbital debris if not removed.

3.1.6 Launches The value of launches is just a fraction of investment in space capital in
the economic part of the model but the number of launches plays a key role in the physi-
cal part. First, it is important to define the number of launches as an additional variable,
given that the primary source of debris emission is the launching activity. Standard launch
systems imply the use of rockets with several (two to four) stages. Some of these stages
(parts of the launch vehicle, including fuel deposits and engines) remain in orbit one the
payload has been inserted in orbit. Moreover, during the insertion phase, additional de-
bris are generated as protection parts (i.e., fairings). Second, the number of launches is not
equal to the number of satellites inserted into orbit. Indeed, the number of satellites per

5The parameter y can be interpreted as the (inverse) average monetary cost of a satellite. The variable h;,
the money spent in satellites, is defined in trillions of international 2023 dollars, whereas H; is measured in
units. Therefore, the average cost of each satellite is 1/ . This fraction can be interpreted as the hedonic price
of satellites, which is assumed to be constant over time for the technological characteristics of a representative
satellite manufactured in the year 2023. The price of a satellite is then the ratio g;/y, which is increasing over
time reflecting embodied technological change.

®Notice that this assumption implies that ISTC does not affect the quantity of satellites, but each satellite
is more productive. Alternatively, we could define the number of satellites inserted into orbit as H; = ugq:h;,
where the number of new satellites depends on the ISTC, and hence, S; = ys;, and X; = px;. However, we
consider this alternative of little relevance, as this would imply no embodied technological change.
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launch has been dramatically increases during the last decade. The availability of more
powerful launches vehicles with higher payloads, together with the reduction in the size
and weight of satellites has increased the number of satellites per launch. Therefore, the
number of satellites inserted into orbit, H;, is assumed to be a proportion  of the number
of launches, L;:

Hy=nLt (22)

and therefore, the parameter # can be interpreted as the the number of satellites per
launch. Combining expressions (10), (18) and (22), we obtain the relationship between
investment in space capital and the number of launches, given by,

Li= y(lnmt)li (23)

3.2 The space model

The space environment is vastly different from that of Earth. Space pollution can be either
natural or man-made and can take the form of objects moving at high speeds that have
the potential to collide with and destroy other objects. Any human-made object that is not
functional and is orbiting around Earth is considered space junk. We will only consider
man-made space debris since natural space pollution is rare and poses little threat to hu-
mans except in cases where a relatively large object is headed toward Earth. The Earth’s at-
mosphere works as a protective shield against smaller objects that collide with our planet.
Therefore, any damage resulting from such collisions remains confined to space. Here, we
describe the physical space model incorporated into DISE-2024. This space-environmental
module includes four main functions: the damage function, and three laws of motion for
three types of orbital debris.

3.2.1 The stock of pollution The stock of orbital debris consists of all non-operational,
human-made objects in orbit, excluding functional satellites and other active spacecraft.
However, not all orbital debris are incorporated into the damage function. Prior to the
first launch in 1957, the stock of orbital debris was zero, as humans had not yet ventured
into space. Debris are highly heterogeneous in size, mass, and composition. Following the
standard classification by ESA, we distinguish three categories for fragments: Fragments
larger than 10 cm (F ¢), fragments between 1 cm and 10 ecm (F, ), and fragments between
1 mm and 1 cm (Fz). Orbital debris is measured as the number of non-functional objects
in orbit with a size greater than 1 cm.” The stock of debris as a function of their size, D; ;,
can be defined as,

Diy=Wi+Zi+F, for i=1,2,3 (24)

"The destruction power of debris smaller than 1 cm is estimated to be low and non-fatal in the case of a
collision with a representative satellite, although they can cause serious damage in critical systems, reducing
functionality and lifespan, and even disable small satellites. However, debris larger than 1 cm is potentially
deadly due to the high velocity of the impact. Therefore, for computing the risk of collision and the damages,
we consider the estimated number of pieces of debris larger than 1 cm.
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where we distinguish three types of debris: W; is the stock of derelict satellites abandoned
in orbit, Z; is the number of last stages rocket bodies, and F;; are fragments of size i. The
key distinction is that fragments are dead debris, but both derelict satellites and rocket
bodies are intact objects that can breakup, generating a large number of fragments, and
can fragment in case of collision with each other or with other objects.

3.2.2 Damage Space pollution can cause a range of damages. Orbital debris poses a sig-
nificant risk of collision with operational satellites and other spacecraft, leading to the loss
of valuable equipment and the generation of even more debris. Although it is possible for
uncontrolled large debris in low Earth orbit to re-enter the atmosphere and cause harm to
life or property on the ground, the likelihood of such events is very low. However, orbital
debris significantly increases operational costs for spacefaring entities.

The literature offers several alternative methods for calculating the probability of col-
lision in space. Most approaches are based on the work of Farinella and Cordelli (1991),
where the probability of collision is modeled as a function of the population of opera-
tional satellites and orbital debris. According to their framework, the number of satellites
destroyed each period due to collisions with debris is assumed to depend on the amount
of debris, the number of operational satellites, and the effectiveness of collision avoidance
technologies,

Xt = (1 — Ut)9D2,tSt (25)

where 0 > 0 is a parameter representing the probability of collision, 0 < v; <1 is a variable
representing successful avoidance collision maneuvers, and Dy is the population of or-
bital debris larger than 1 cm. If 1 takes the value of one, all possible collisions are avoided
and no damage results from orbital debris. Notice that, given the above expression, the
value of satellite assets destroyed by collision, x¢, is defined as,

Xt = (1 — Ut)eDzrtSt (26)

When (1 —©v;)6D,; = 1, any space assets are destroyed rendering the space unusable. This
point is reached when the pollution stock is Dy = 1/((1 — v¢)0).

3.2.3 Debris generation Debris originates from various sources, including launch activi-
ties which generate derelict rocket upper stages and fuel tank remnants, and other mission
related objects; derelict satellites that are not removed from orbit; accidental explosions
and breakups; and the intentional creation of debris during military drills, such as de-
stroying a satellite with an anti-satellite missile. The integrated model categorizes these
into six main sources of orbital debris.

The first source of debris consists of mission-related objects (MRO), which are asso-
ciated with the number of launches. This debris generation process is modeled as wLy,
where w represents the amount of debris created per launch during the launch period.
This type of debris is classified as "fragments” and includes items such as protective fair-
ings, covers, adapters, bolts, and cables. In addition to fragments, launches also generate
another type of debris: the upper stages of launch vehicles, which often remain in or-
bit after deploying the payload. These rocket bodies constitute large intact debris with a
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significant risk of breaking apart over time. The number of rocket bodies generated per
launch is given by ¢L;, where 0 < ¢ < 1 represents the fraction of launches producing
this type of debris. We assume that ¢ is strictly less than one, reflecting the existence of
reusable launch vehicles and/or de-orbiting practices of upper stages once the payload
has been inserted into orbit. Over time, these upper stages rocket bodies accumulate into
a stock of debris, which will be formally defined later. The third source of debris consists
of derelict satellites (W;). These are satellites that have reached the end of their opera-
tional lives, typically due to fuel depletion, and are abandoned in orbit rather than being
de-orbited. Each period, the number of end-of-life satellites is represented by J55;, where
St is the total number of active satellites. Of these, a fraction 0 < x <1 is abandoned in
orbit each period, contributing to the stock of derelict satellites.

The fourth source of debris generation is fragmentation events, which occur due to
explosions and breakups of both derelict satellites and rocket bodies. These events can
be either unintentional or deliberate. Unintentional fragmentation debris arises from the
breakup of operational satellites, rocket bodies, or engines. The primary cause of in-orbit
explosions is the residual fuel left in the tanks of upper-stage rockets and satellites. In the
harsh conditions of outer space, mechanical components and devices degrade quickly,
leading to leaks that mix fuel components. This can trigger self-ignition, resulting in ac-
cidental explosions that destroy the source object and scatter its mass into countless frag-
ments of varying sizes and velocities. Batteries can also explode.

The fifth source of debris is also in-orbit endogenously driving, and is the result of
collision among both operational and non-operational objects. The model distinguishes
two types of collisions: The collision between a piece of debris and an operational satellite,
and the collision of intact debris (i.e., derelict satellites and upper stages rocket bodies)
with each other and with fragments.

Finally, intentional fragmentation events, on the other hand, involve deliberate actions
such as spacecraft interceptions using surface-launched missiles. These have been sig-
nificant contributors to debris in recent years. Four countries, the United States, Russia,
China, and India, have conducted direct-ascent anti-satellite (ASAT) tests, significantly
increasing the population of orbital debris.

From these sources of emissions, we identify three equations describing the accumu-
lation process for three types of orbital debris: Derelict satellites, rocket bodies and frag-
ments. The two first types of debris are intact objects which are subject to fragmentation
events. It is worth noting that the model considers two distinct processes for orbital debris
generation. The first is tied to economic activity, specifically launches and the operational
procedures of launch vehicles. The second is an endogenous process involving in-orbit
emissions from breakups and collisions. The calibration of debris generation per launch
recognizes that debris is not only created at the time of the launch but also in subsequent
periods. This includes debris from rocket bodies, engines, and abandoned derelict satel-
lites, which can generate additional fragments through breakups and explosions caused
by residual fuel, and collisions.

3.2.4 Derelict satellites The stock of derelict satellites in orbit decreases due to natural de-
cay, breakups, and collision with debris, and increases with end-life satellites abandoned
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in orbit. Formally, the law of motion of derelict satellites is given by,
Wt+1 = (1 — 5w)Wt — eth — 9(D2,t + (1 — vt)St)Wt +X(555t (27)

where J;, is the natural decay rate of derelict satellites due to atmospheric drag and solar
conditions, and &, is the fraction of derelict satellites that breakup each period. The term
6(Dy,+ + S¢) Wi reflects the number of derelict satellites that are destroyed by collision with
fragments, other detelict satellites, rocket bodies and operational satellites. The dynamics
of the stock of abandoned end-life satellites into orbit would depend on the regulatory
policies about end-mission disposal. In case of explosion, it is assumed that the number
of debris generates is ¢.&,W;, where ¢, is the number of fragments resulting from the
breakup. The number of debris produced by collisions of a derelict satellite with any other
object is ’)/we(Dz/t + (1 — vt)St)Wt.

3.2.5 Rocket bodies The accumulation process for rocket bodies is similar. The law of mo-
tion for the stock of upper stage body rockets is defined as,

Zt-l—l = (1 — (SZ)Zt — EZZt — 9(D2,t + (1 — Ut)st)Zt + Q)Lt (28)

where §, is the natural decay rate of rocket bodies, and ¢, is the fraction of body rockets
that breakup each period. The number of debris produced by rocket bodies breakups is
¢.€,Z;, where ¢, is the amount of debris produced by the breakup of a body rocket. The
number of debris produced by collisions of a rocket bodies with any other type of object
is ’)/ZG(DQ/t + (1 - Ut)St)Zt.

3.2.6 Fragments Finally, the third type of debris considered are fragments. The stock of
fragments increases depending on the number of launches, fragments from breakups of
derelict satellites and body rockets, and collisions between debris and operational satel-
lites. We assume that the law of motion of fragments larger than 10 cm is given by,

Fii1=1=0p)F i +wLt + 15Xt + Wt + pz82Zt + Y0w0D2 i Wi + 20D 2 (29)

where Jy is the natural decay of debris fragments, w is the amount of debris produces per
launch (MRO), and s is the amount of debris creates by a collision and destruction of
operational satellites. The parameter 7, is the number of fragments from the collision of
derelict satellites, and 1y, is the number of fragments from collision of rocket bodies. The
model excludes the possibility that operational satellites can breakup due to design fail-
ures, and fragments resulting from military anti-satellite (ASAT) tests with direct-ascend
missiles.

8The model computes the population of fragments (F; ;) and debris larger than 10 cm (Dj ;) for two reasons.
First, there is a computational reason for limiting the scale of this variable. Second, most parameters are
calibrated using data about cataloged objects in orbit, which usually include only objects larger than 10 cm.
From that we obtain the population of debris larger than 1 cm (D, ) using a scale parameter based on the
estimation of debris between 1 cm and 10 cm from the ESA.
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3.3 Finite-horizon conditions

The growth model assumes an economy populated by forward-looking agents with ra-
tional expectations who make decisions over an infinite horizon. However, in practice,
numerical solutions can only be computed over a finite number of periods. This requires
transforming the original infinite-horizon optimal control problem into an equivalent
finite-horizon version. A key challenge in this transformation is determining the appro-
priate terminal condition, particularly the level of capital stock in the final period of the
finite-horizon solution. The choice of this terminal condition critically affects the accu-
racy of the approximation to the true infinite-horizon equilibrium. As noted by Mercenier
and Michel (1994), solving nonlinear infinite-horizon optimization problems—especially
in continuous time—requires reformulating the problem as a finite-horizon discrete-time
approximation. This reformulation involves three main decisions: (1) selecting the length
of the planning horizon, (2) determining how to account for behavior beyond the terminal
period, and (3) choosing the sequence and frequency of time intervals in the discretization.
If the finite horizon is too short or the terminal condition is poorly chosen, the resulting so-
lution path may deviate significantly from the true infinite-horizon trajectory. These issues
can be mitigated either by extending the planning horizon, at the cost of greater compu-
tational complexity, or by reducing the frequency of the time intervals, thereby lowering
the number of decision points to solve.

The general infinity-horizon problem can be defined as an utility maximization prob-
lem which is divided in two parts,

rncaxW:é)<1ip>tll(ct)+ 5 (ﬁp)tu@t) (30)

f t=T+1

where the first part is the finite-horizon already solved from t =0 to T, and the second
part represents the economy behavior from period T + 1 to infinity, and where the two
sub-problems are linked through the capital stock at period T + 1.

The literature has dealt with this issue proposing alternative terminal conditions to be
incorporated into the model to determine investment in the last computational period (T)
but using some adjustment to approximate choices over the period T + 1 to infinity. The
simplest approach is to assume that the world ends at period T This can be a valid method
when the value of T is large and the discount rate is high just to minimize the effects of
the terminal values on the optimal path. Because B! — 0 as t — oo, we can truncate the
infinite horizon at a large finite period T. Other approaches assume that the economy
reaches its steady state at time T. Blake and Westaway (1995) argue that any distortionary
effects of a terminal condition can be minimized by setting a terminal condition consistent
with the steady state of the model and sufficiently distant so that is does not affect model
properties over the horizon of interest, so that a change either in the horizon period or in
the terminal condition does not alter the solution over the period of interest.”

“During the 1960s, this issue has been extensively studied by the literature of economic planning, where
alternative strategies for dealing with the terminal condition have been proposed. Frisch (1955) proposes the
use of geometric growth terminal conditions for numerical planning problems. Chakravarty (1962) considers
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An alternative frequently used in climate-change economics is to use a fixed saving
rate for the last periods of the simulation together with the use of large time intervals.
This is the strategy followed by, for instance, Nordhaus (1992, 1993) in solving the DICE
model. For instance, in DICE-2016 (Nordhaus, 2017) it is used a constant saving rate equal
to the long-run saving rate for the last 10 periods (50 years). In DICE-2023 (Nordhaus,
2024) it is used a saving rate of 0.28 for periods larger than 37 (last 185 years). using an
alternative approach, Nordhaus (2008) assumes that investment at the terminal time must
be at least 2% of the capital stock at the terminal time. Cai et al. (2012) also solve the DICE
model and assume that at the terminal time, the world reaches a partial equilibrium. They
solve the model for a horizon of 600 years and estimate utility for a further 800 years using
complete Chebyshev polynominal over the states.

Barr and Manne (1967) assume that at the terminal period T, the economy is at the
steady state where the growth rate is g,. Under these assumption, expression (30) can be
written as,

T—1 1 t 00 1 t T
max W = L <1+P> Ul(cy) +t; <1+p> Ulee(l+g, 7)) (31)

where the second term is a constant. Abstracting from the constant term, the maximization
problem can be written as,

-1/ 1 \¢ 1+p
max W — () Uler) + ——F_U(er) (32)
2 S \1+p p(1+p)"
T
maxW = Y BiU(cr) (33)
t =0

where the discount factor would be,

(ﬁ)t for t<T

B = (34)

% for t=T

At the terminal period, gross investment is determined by the size of capital stock in the
terminal period, the exogenous growth rate (all quantities growth at the same rate in the
steady state), and the capital depreciation rate. The constraint of investment would be,

it = (8y + 0)kr (35)

This is the strategy we follow for the baseline solution of the model, by combining the
discount factor given by expression (34), with the following two investment constraints

that terminal capital stock is given by a proportion relative to the initial capital stock which implies that
capital stock grows at some exogenous rate. Stoleru (1965) introduces the terminal condition that capital
stock growth rate after T equals the exogenous rate of labor force (i.e., population). Manne (1970) formulates
sufficient conditions for any planning problem to provide a solution which is not only optimal for a horizon
T, but is also optimal for all finite horizon greater than T.
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for Earth and space capital, respectively,

it > (gy + ox)kr (36)
and
1)
hp > M (37)
qr

4. COMPETITIVE DECENTRALIZED EQUILIBRIUM

This section compute the first order conditions for the decentralized solution using the
Lagrangian auxiliary function. The resulting differential equation systems will be later
approximated numerically as a nonlinear programming problem.

The household maximization problem, taking into account the accumulation process
for both capital and satellites, is given by,

L=Ey) B'UE)N:
t=0

— /\t[ct + kt+1 — (1 — 5k)kt + ;

1 _
i@y 51— (1= &)st + (1= 0)6Das1]
t=0

—r’t‘kt —riss —wiNy — 1y]  (38)

where EZ,t is the exogenous amount of orbital debris. Hence, orbital debris affects the
optimal decision by the agent but their social costs are not internalized.
First order conditions from t =0, 1, ..., 00, are:
oL

3 = BHUL(ct) — A =0 39)

oL

= A A (T =G+ 7K 40
ey 4+ Apga( Kt Tee) (40)

oL At B Aty1
Ospr1 qe(1—mi)  qera(1—mypiq)
From the maximization problem, solving for the Lagrangian’s multiplier, equilibrium
conditions are given by,

[1—6s— (1 —=v1)0Dgy41]) + ApparS =0 (41)

UL(ct) = BEUL(ctq1)[1 — O + 15,4 (42)

1—38s—(1—v)0Dy 441
Gre1(1 —mpiq)

Uc(ct) = qe(1 — my) BEsUL(cr11) + 714 (43)

Expression (42) is the standard Euler equation for optimal investment decisions in
capital excluding satellites. Expression (43) is also an Euler equation, but it pertains to
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the investment decision in satellites, where the cost of destruction by collision is incorpo-
rated. The term 0D, accounts for the sudden, full depreciation of satellites stock due to
collisions. As the quantity of orbital debris increases, the rental price of satellite to capital
also increases.

From the profit maximization problem of the representative firm we have:

= at fi.(k,s¢, Ni) (44)
1t = arf{(ke,st, Ni) (45)
w; = arfiy(ke,st, Ni) (46)
Equilibrium conditions are obtained by substituting (44) and (45) into (42) and (43),
Ui(ct) = BE:UL(cr1) [T — Ok + a1 fr(Kes1,5641)] (47)

1—6s—(1—v4)0Dyy 41
Fr1(1—myyq)

Ug(cr) = qe(1 — my) BE:U (crr1) [ + at+1fs'(kt+1,5t+1)] (48)

Equating both expressions we find that the arbitrage condition for investing in both
Earth and space capital is,
1-— 55 — (1 — vt)652,t+1

!/
ki1,
Gr41(1 —myiq) + apy1fs (ke 5641)

(49)

(1 — 6 + ap1 fi (ke se41)]) = qe(1 — my) [

5. DECENTRALIZED SOLUTION APPROACH

The core idea of our approach builds on the fixed-point iteration method proposed by
Krusell and Smith (2024) in the context of climate change. In their framework, the com-
petitive equilibrium is computed by iterating on agents’ expectations about aggregate en-
vironmental and economic variables. Specifically, they begin with an initial guess for the
trajectory of global temperature and the sequence of interregional transfers (e.g., carbon
tax revenues). Given these, they solve the Bellman equation backward in time to derive
time-dependent policy functions (decision rules) for households and firms. These policy
functions are then used to simulate the economy forward, generating updated paths for
aggregate capital, consumption, emissions, and temperature. The iteration continues until
the guessed and simulated trajectories converge, forming a fixed point that is consistent
with a decentralized equilibrium in which agents do not internalize externalities.

In this paper, we adopt a conceptually similar approach but adapt it to the context
of orbital environmental externalities, using a nonlinear programming (NLP) formulation
instead of dynamic programming. Rather than computing policy functions, we solve a
finite-horizon dynamic optimization problem directly at each iteration using numerical
optimization tools. The model represents a decentralized economy in which agents max-
imize utility and profits based on private returns, taking the trajectory of orbital debris
and associated damages as exogenous.

The fixed-point pseudo-algorithm is given in Algorithm 1.
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SIMPLIFIED PSEUDO-CODE FOR DISE-2024D MODEL (DECENTRALIZED)

Algorithm 1 DISE-2024D (Competitive Decentralized Equilibrium)
Initialize: Set initial conditions and guess for debris paths (W(t), Z(t), F(t), etc.)
Main Iteration Loop:
for iter = 1 to max_iter do

Solve the NLP optimization problem: maximize total discounted utility
Update orbital debris dynamics
Propagate state to t + 1
Update damage
Compute difference between updated and previous satellites destroyed X;
if converged (difference < tolerance) then
Break
end if
end for
Output: Optimal path for economic variables and orbital debris for a decentralized set-
ting

The fixed-point algorithm proceeds as follows:

1. Initialization: Start with an initial guess for the time paths of the externality, specif-
ically, the trajectory of orbital debris {W;, Z;, F;}, and the associated damages {X;}
over a finite horizont=0,1,2, ..., T.

2. Optimization Step: Given the externality paths {Wt,Zt,Ft,Xt}tT:O, solve the decen-
tralized economic model of previous section as a nonlinear programming problem.
The decision variables include consumption, Earth capital investment, space capi-
tal investment and satellite deployment, subject to economic constraints (capital ac-
cumulation, resource constraints) and environmental constraints (e.g., satellite de-
stroyed due to debris collisions). Since agents do not internalize debris-related dam-
ages, the externality affects the economy only through its impact on the stock of
operational satellites.

3. Forward Simulation: Using the optimal trajectories of economic activity computed
in previous step (e.g., satellite launches), compute the resulting updated path of de-
bris and damage using the debris accumulation equations and the damage function
(collision probabilities, emissions, fragmentation dynamics, and natural decay pro-
cesses).

4. Fixed-Point Update: Compare the updated debris and damage trajectories to the
previous iteration. If the difference is below a specified convergence tolerance (e.g.,
based on a norm of the difference between successive X; paths), stop. Otherwise,
update the externality path and return to Step 2.
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This iterative process continues until convergence is achieved, yielding a self-
consistent equilibrium trajectory in which the economic decisions are optimal given the
assumed externality, and the externality evolves endogenously based on those decisions.
This approach provides a rigorous method for computing the BaU scenario in a decen-
tralized economy with environmental feedbacks, without requiring agents to internalize,
even a small fraction, the externality.

6. DATA AND CALIBRATION

To compute the model numerically, we require initial values for the state and exogenous
variables, with the simulation starting in the year 2023, as well as a calibration of the
economic and space-related parameters. A detailed description of the model’s calibration
is provided in the online appendix.

7. RESULTS

This section presents the main results from the simulation of the model for a competitive
decentralized economy, where both households and firms take optimal decisions with-
out internalizing the externality, and for a centralized economy, where the objective is to
maximize social welfare and the externality is fully internalized. To perform the numeri-
cal simulations, the model is reformulated as a non-linear programming (NLP) problem.
The simulations cover the period from 2023 to 2152, providing a planning horizon of 150
years, with results generated at an annual frequency. The fixed point algorithm for a de-
centralized solution is implemented in GAMS and the model solved with the CONOPT4
algorithm.

The trajectories for the decentralized economy are compared with the first-best trajec-
tories of a social planner. In the former scenario, there is no authority, national or inter-
national, who take actions to slowdown the growth of orbital debris or to internalize the
orbital debris externality. Spacefaring agents simply adapt to the space environment and
take the amount of debris as given. This fairly represents the current scenario, where no
active action is taken to mitigate orbital debris. The starting point is the number of debris
existing in the year 2023. This baseline scenario represents an environment where the cur-
rent policy is maintained without changes in the future. The consideration of outer space
as an international common resource and the difficulties for an international agreement
to mitigate debris generation and reduce the stock of orbital debris give this scenario a
high probability. In this baseline scenario households and firms take as given the stock of
orbital debris, with no internalization of the externality by any authority.

The second scenario represent the first-best with no specific debris mitigation policy.
In this scenario there is a central planner that maximize social welfare, but no direct instru-
ment to mitigate orbital debris is available. This means that no debris mitigation policy
is used and no mandatory debris mitigation guideline is enforced. Nevertheless, in this
scenario the social planner fully internalize the orbital debris externality by choosing the
optimal investment in Earth and space capital. This means that trajectories of the variables
are optimal given the effect of the economy on the space environment. Climate-change lit-
erature usually identifies this scenario with the BAU (business-as-usual) case. Nordhaus
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(2008) interprets this scenario as a situation in which households and firms adapt to the
environment but governments take no action to mitigate emissions or to internalize the
environmental negative externality. However, as shown by Shiell and Lyssenko (2008) this
is a social optimum solution in which the externality is fully internalized, even without
policy instruments.

Figure 1 plots the trajectories of orbital debris over time. As expected, we observe
the characteristic "hockey-stick" shape in both total debris and fragments, driven by the
endogenous in-orbit creation of debris (see Bongers and Torres, 2025). Both derelict satel-
lites and rocket bodies exhibit tipping-point behavior. The figure compares the decentral-
ized laissez-faire scenario with the first-best (central planner) solution. As anticipated, the
laissez-faire scenario leads to a significantly more polluted orbital environment. Although
the trajectories are nearly indistinguishable in the early years, the decentralized path con-
sistently results in a higher accumulation of debris throughout the simulation horizon.
The key result is that debris accumulation accelerates significantly toward the end of the
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FIGURE 1. Paths for orbital debris.

This figure shows the trajectories for orbital debris. Panel (a) shows total orbital debris larger than
1 cm. Panel (b) shows the number of fragments larger than 1 cm. Panel (c) shows the stock of
derelict satellites abandoned in orbit. Panel (d) shows the stock of upper stages rocket bodies that
are not deorbited and remains in Earth’orbit. Total orbital debris is the sum of fragments, derelict
satellites and rocket bodies. Solid lines represent the central planner solution. Dash lines represent
the competitive decentralized solution.
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period under the decentralized scenario due to the feedback loop from endogenous de-
bris generation. Derelict satellites and rocket bodies both accumulate at a faster rate in
the decentralized setting, following a hump-shaped trajectory. However, the larger debris
population also leads to a higher collision rate, which in turn reduces the stock of intact
objects. Eventually, this dynamic results in a crossover point where the number of intact
objects in the centralized economy exceeds that in the decentralized one.
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FIGURE 2. Number of operational satellites, launches, operational satellites destroyed by colli-
sions, and the probability of collision of operational satellites.

This figure shows the optimal trajectories for the number of satellites (panel a), number of launches
(panel b), number of satellites destroyed by collisions (panel c), and the probability of collision
(panel d). Solid lines represent the central planner solution. Dash lines represent the competi-
tive decentralized solution. Panels (a) and (b) also show the number of satellites and number of
launches for an scenario with no debris (dotted lines).

Figure 2 presents the trajectories for four key indicators: the number of operational
satellites, the number of launches, the number of satellites destroyed by collisions, and the
probability of collision, which serves as a proxy for the onset of the Kessler syndrome. For
both satellites and launches, the figure also includes a benchmark scenario representing a
clean orbital environment with no debris externality. In the case of operational satellites,
we find that the trajectory under the laissez-faire scenario closely resembles the one without
any debris externality. This suggests that, at least over the simulated horizon, the damages
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from debris are relatively limited, and the behavioral response of agents remains modest
in the presence of the externality. In contrast, the centralized (first-best) solution displays a
more conservative trajectory, with a lower stock of satellites, reflecting the internalization
of long-term environmental costs by the social planner.

The trajectory for launches shows a slightly different pattern. Under the laissez-faire
scenario, the number of launches is significantly higher than in the clean-space bench-
mark. This is primarily because some satellites are destroyed by collisions and must be
replaced, leading to a sustained increase in launch activity. In contrast, the launch trajec-
tory in the clean environment closely resembles that of the centralized (first-best) scenario.
However, the centralized scenario results in fewer launches than even the clean-space
case, as the planner fully internalizes the negative externality. This internalization leads
to a more cautious deployment of satellites and, consequently, a lower number of launches
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FIGURE 3. Sources of emissions of orbital debris (I): Collisions of operational satellites, fragments
from launches, and number of intact objects.

This figure shows the trajectories for debris emissions. The figure plots four sources of emissions.
Panel (a) shows debris emissions by collisions of operational satellites. Panel (b) shows debris
emissions from launches. Panel (c) shows debris emission from derelict satellites abandoned in or-
bit. Panel (d) shows debris emissions from rocket bodies abandoned in orbit. Solid lines represent
the central planner solution. Dash lines represent the competitive decentralized solution.
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FIGURE 4. Sources of emissions of orbital debris (II): Debris breakups and collisions.

This figure shows the trajectories for debris emissions. The figure plots four sources of emissions.
Panel (a) shows debris emissions from the breakup of derelict satellites. Panel (b) shows debris
emissions from the breakup of rocket bodies. Panel (c) shows debris emission from derelict satel-
lites collisions. Panel (d) shows debris emissions from rocket bodies collisions. Solid lines represent
the central planner solution. Dash lines represent the competitive decentralized solution.

Panel (c) shows the number of satellites destroyed by collisions with orbital debris.
The difference between the two scenarios reflects both the varying accumulation of de-
bris and the differing stock of satellites. As in previous figures, we observe a character-
istic upward "hockey-stick" shape, particularly under the laissez-faire scenario. Panel (d)
presents the probability of collision for operational satellites. Over the simulation hori-
zon, this probability rises steadily, reaching approximately 20% in the laissez-faire scenario
and just over 10% in the centralized (first-best) case. The steeper trajectory under laissez-
faire indicates that, if current trends continue, the probability of collision would approach
100% within just a few additional years, signaling a tipping point toward runaway debris
accumulation and potential loss of orbital viability.

Figures 3 and 4 plot the path for emissions. The model account for eight different
sources of debris fragments emissions: Launches, derelict satellites, rocket bodies, derelict
satellites breakups, rocket bodies breakups, operational satellites collisions, derelict satel-
lites collisions, and rocket bodies collisions. In the long-run, the main source of debris
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emission is collision, principally, collisions of operational satellites. In all the cases, de-
bris emission are larger under laissez-faire compared to a centralized scenario. The second
source of debris fragments emission is derelict satellites collision, followed by rocket bod-
ies collisions, launches, and derelict satellites breakups.

8. CONCLUSIONS

This paper presents a fixed-point approach for solving Integrated Assessment Models
(IAMs) in a competitive decentralized economy with environmental externalities. The
competitive decentralized equilibrium is often referred to as the Business-as-Usual (BaU)
scenario or laissez-faire. However, there is considerable confusion in the literature regard-
ing the interpretation of this solution. It is frequently mistaken for a central planner’s solu-
tion in which no emission mitigation policy is implemented. This confusion arises because
the solution for a central planner’s problem is straightforward, it can be obtained directly
by solving a numerical nonlinear programming (NLP) problem, whereas solving for the
decentralized equilibrium is a more complex task. This is particularly true in the case of
Nordhaus” DISE model, arguably the most widely used climate-change IAM, where the
BaU scenario is often mistakenly identified with a central planner who maximizes social
welfare without imposing any abatement policy.

In this paper, we use a similar approach to Krusell and Smith (2024) to obtain the de-
centralized solution for the DISE-2024 model. The algorithm solves the problem of maxi-
mization of households and firms given an initial exogenous path for orbital debris. Then,
the path for orbital debris and the risk of collision are updated given the optimal decisions
by households and firms, and a new maximization takes place in an iterative process, until
convergence.

We find that the decentralized solution produces more orbital debris and more launch
activity compared to a first-best central planner solution with no abatement policy, as
agents do not internalize the social cost of the externality. The comparison between both
solutions establishes a benchmark for the design and implementation of debris mitigation
policies and is a measure of the social cost of orbital debris. We also compare the trajectory
for operational satellites with a sci-fi scenario representing a clean space without orbital
debris. We find that the trajectory under the clean scenario is very close to the trajectory
of the laissez-faire, indicating that destroyed satellites are replaced in the BaU scenario.
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On-line Supplementary Appendix for
BUSINESS-AS-USUAL AND ORBITAL DEBRIS PATH

APPENDIX A: DATA AND CALIBRATION
A.1 Data and initial values

For the numerical simulations, we take 2023 as the initial period. Baseline values for this
year are drawn from a variety of sources, including economic databases from the World
Bank, International Monetary Fund (IMF), Penn World Table (PWT), Bureau of Economic
Analysis (BEA), and the United Nations, as well as space activity databases from NASA,
ESA, the Union of Concerned Scientists (UCS), Space-Track (U.S. Space Force), the Satellite
Industry Association (SIA), the Space Foundation, and Jonathan C. McDowell.

Population (labor) in 2023 is taken from the United Nations Population Division, with
a value of 8,056 million and an asymptotic population level of 10,200 million. The initial
value of world GDP is drawn from the World Bank Economic Indicators, amounting to
184.65 trillion 2023 international US$. The world capital stock is taken from the IMF In-
vestment and Capital Stock Dataset (1960-2019) as the sum of private and public capital
in 2019, with a value of 316.25 trillion 2017 international US$. The corresponding estimate
from the Penn World Table (PWT) is substantially higher, at 535.12 trillion 2017 interna-
tional US$ (Feenstra et al., 2015). Comparing the two databases reveals a large discrepancy
in global capital stock estimates. Based on IMF data, the world capital-GDP ratio is 2.55,
whereas the PWT implies a ratio of 4.26. Given this difference, and the fact that we need
to split total capital into Earth capital and space capital, we rely on the Euler conditions
for investment in Earth and space capital.

(1+g)" =B (1=0+a?) 1)

(148 (1+8) = B (1= b + (1= m)¥) &)

Using a per capita consumption growth rate of 2%, and given the calibration for o,
B, a1, a2, & and Js, m, g;, and the initial value of GDP, we find that k = 555.6987 and
s = 1.1959 trillions international US$. Hence, total initial world capital is 556.89, result-
ing in a capital-GDP ratio of 3.02, which is similar to standard values used in macroeco-
nomic models. These values means that the ratio of space capital to Earth capital is 0.0022.
Launch cost varies depending on the type of satellite and the orbit, ranging from a 10% to
60% of total cost. Initial launch cost as a fraction of space capital investment is fixed to be
a 30% of total investment (115023 = 0.30).

The initial values for space-related variables are as follows. In 2023, there were 217
launches. The number of operational satellites in Earth orbit, reported by ESA for Decem-
ber 2023, was approximately 8,500. The initial stocks of derelict satellites and rocket bodies
were estimated using the model’s accumulation equations for the period 1957-2023. Ac-
cording to ESA, the number of derelict satellites in orbit in 2023 was about 3,500, while
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NASA estimated 2,050 rocket bodies. The United States Space Surveillance Network (SSN)
tracked a total of 31,150 pieces of debris. Most activity occurs in Low Earth Orbit (LEO,
between 200 and 2,000 km) and Geostationary Orbit (GEO, at 35,786 km). Orbital debris
is typically classified according to its size and whether it can be tracked with available
technology. Projections from debris environment models, such as ESA’s MASTER (Me-
teoroid and Space Debris Terrestrial Environment Reference) model and NASA’s LEG-
END (LEO-to-GEO Environment Debris Model), estimate approximately 36,500 debris
fragments larger than 10 cm in diameter, around 1,000,000 objects between 1 cm and 10
cm, and more than 130 million fragments between 1 mm and 1 cm.

A.2 Calibration of economic parameters

The calibration of economic parameters is carried out at the level of the world economy.
While the United States remains the dominant spacefaring nation, with private space
firms such as SpaceX playing a leading role, an increasing number of countries are de-
veloping space industries and acquiring launch capabilities, and the demand for satellite
services is global. For this reason, the model is calibrated to an artificial world economy;,
where outer space is treated as an international common resource (Hardin, 1968).

Only a limited set of economic parameters requires calibration: the intertemporal pref-
erence parameter, the relative risk aversion parameter, the technological parameters of
the production function, and the depreciation rates for physical capital and satellites. For
these, we adopt standard values from the literature. In addition, the model incorporates
two sources of technological progress: total factor productivity growth and investment-
specific technological change in satellites.

The preference parameters are calibrated as follows. In the literature, the intertempo-
ral elasticity of substitution parameter o typically takes values between 1 (corresponding
to a logarithmic instantaneous utility function) and 3. For example, Stern (2006) uses a
value of 1, Nordhaus (2008) adopts 1.5, and Nordhaus (2017) employs 2. In our base-
line calibration, we set o = 1.5. For the pure intertemporal preference parameter, that is,
the social rate of time preference, we follow the range of values commonly used in the
climate-change literature. These range from 2% per year in Weitzman (2007) to 0.1% in
Stern (2006). With a CRRA utility specification, the discount rate is given by r; = p + 0 gc .,
where 7; is the discount rate and g ; the growth rate of consumption. Assuming a steady-
state consumption growth rate of 2% and a relative risk aversion parameter of 2, this im-
plies discount rates of about 6% (Nordhaus, 2017) and 4.1% (Stern, 2006), values broadly
consistent with those used in standard dynamic stochastic general equilibrium models. In
our baseline calibration, we set p = 1.5 per year, following Nordhaus (2008).

Second, the calibration of technological parameters proceeds as follows. We fix the
labor share at 0.65. Under constant returns to scale, the combined share of Earth capital
and space capital is therefore 0.35 (i.e., #1 + ay = 0.35). According to the Bureau of Eco-
nomic Analysis (BEA, 2023), the U.S. space industry contributed $129.9 billion (0.6% of
GDP) in 2021 and employed about 360,000 workers. The Space Foundation (2023) reports
that the global space economy was valued at $546 billion in 2022, while the Satellite In-
dustry Association (SIA, 2023) gives a figure of $384 billion for the same year. Based on
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this information, we split the capital share between Earth and space capital. The elastic-
ity of output with respect to satellites is set to a; = 0.35 x 0.006 = 0.0021, which implies
an elasticity of a; = 0.3479 for Earth capital. These values are consistent with Nozawa
et al. (2023), who calibrate a Cobb-Douglas production function with labor, capital, and
satellites and assign 0.002 to the elasticity of output with respect to satellites.

The depreciation rate for non-satellite capital, J, is fixed at the standard value of
0.07. Satellite depreciation is more uncertain, as lifetimes vary by type: from 6 months for
CubeSats to about 15 years for GEO satellites, and 3-8 years for LEO satellites. Bongers
and Torres (2023) assume an average lifetime of 8 years, corresponding to J; = 0.1733,
while Nozawa et al. (2023) use s = 0.216. In our calibration, we simulate the satellite ac-
cumulation equation for the period 1957-2023 to match ESA’s estimate of roughly 3,500
operational satellites in 2023. This yields a depreciation rate of s = 0.15.

Next, we calibrate the parameters driving the evolution of exogenous sources of
growth. The initial TFP growth rate in 2023 is assumed to be 1.5% per year, decaying
at 0.1% annually. The initial TFP level is computed as the ratio of initial output to the
combined contribution of the three inputs. For investment-specific technological change
(ISTC) in satellites, we follow a similar approach: the initial growth rate is set at 3% per
year, with a decay rate of 0.5% annually. For launch costs, in the baseline calibration is
fixed to the initial value. As an alternative, it is assumed that the initial growth rate is
-0.5%, with a decay of 0.1% per year. Finally, the conversion parameter is calculated as the
ratio of the initial number of active satellites in orbit to the corresponding stock value (in
trillion US$), yielding y = 7,107.6.

A.3 Calibration of physical parameters

The calibration of physical parameters is as follows. First, the number of satellites per
launch is calibrated by dividing the number of new satellites by the number of launches
in the base year. In 2023, there were 217 launches, inserting a total of 2,950 satellites into
orbit. While the ratio between launches and new satellites is changing rapidly due to the
rise of small and micro-satellites and the increased payload capacity of modern launch
systems, we assume this proportion remains constant for the future, giving # = 13.6.

The decay rate of debris fragments (J5) depends on several factors, including altitude,
mass, area, solar activity, orbital circularity, and geomagnetic conditions. Estimates by the
Australian Space Weather Agency (1999) indicate that the lifetime of space objects varies
with altitude: roughly 1 day at 200 km, 1 month at 300 km, 1 year at 400 km, 10 years at 500
km, 100 years at 700 km, and 1,000 years at 900 km (King-Hele, 1987). Debris, however,
is not uniformly distributed in altitude; spatial density data show that it is concentrated
between 700 and 900 km (NASA, 2020).

The decay rate of debris fragments (6¢) depends on multiple factors, including alti-
tude, mass, area, solar activity, orbital circularity, and geomagnetic conditions. Estimates
from the Australian Space Weather Agency (1999) indicate lifetimes varying from 1 day
at 200 km to 1,000 years at 900 km (King-Hele, 1987), while debris is concentrated in the
700-900 km range (NASA, 2020). We also account for current orbital distributions: most
activity is near 550 km due to the Starlink constellation, with sub-constellations planned
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‘ Parameter  Definition Value  Source
Economy o Pure preferences parameter 0.015  Nordhaus (2008)
[ Risk aversion parameter 1.500 Nordhaus (2008)
nq Capital share 0.3479 BEA
) Satellite share 0.0021 BEA
Ok Capital depreciation rate 0.07  Standard
s Satellite depreciation rate 0.15 NASA
84,0 Initial TFP growth rate 0.015  Assumption
840 Initial satellite ISTC growth rate 0.030  Assumption
ba TFP growth decay rate 0.001  Assumption
O ISTC growth decay rate 0.005 Assumption
85,0 Launch cost change -0.05 Assumption
Op Launch cost change decay rate 0.01 Assumption
o Population growth parameter 0.05  United Nations
I Conversion parameter 7,107.6  Internal
Space i Satellites per launch 13.6 NASA
0 Collision risk parameter 1.25x 10710 ESA
X Fraction of abandoned satellites 040 ESA
of Fragment natural decay rate 0.01 NASA
Ow Derelict satellites natural decay rate 0.00015 Lafleur (2011)
0, Rocket bodies natural decay rate 0.00015  Lafleur (2011)
ew Fraction of dead satellites breakups 0.0010 NASA
€, Fraction of body rocket breakups 0.0012 ESA
@ Body rockets per launch 0.60 ESA
w Fragments > 10 cm per launch 4 ESA
Pw Fragments > 10 cm per derelict satellite breakup 446 ESA
¢z Fragments > 10 cm per rocket body breakup 100.2 NASA/ESA
Vs Fragments > 10 cm per operational satellite collision 70 NASA/ESA
Yo Fragments > 10 cm per derelict satellite collision 70  NASA/ESA
e Fragments > 10 cm per rocket body collision 70 NASA/ESA

TABLE A.1. Baseline calibration of the parameters of DISE-2024

at 340 km and 1,200 km, and the OneWeb constellation (658 satellites) at 1,200 km, where
debris lifetimes can reach thousands of years. Alternative estimates in the literature vary.
Nozawa et al. (2023) use 0.0067 based on Bongers and Torres (2023), assuming a 150-year
average lifetime, similar to the FADE model estimate of 0.0062 (Lewis et al., 2009). Rao
and Rondina (2025) use 0.074. Lafleur (2011) calculates LEO decay rates using ballistic co-
efficients and solar activity: under solar maximum, the average lifetime is 46.9 years (de-
cay rate 0.021); under solar minimum, 332.8 years (decay rate 0.003), yielding a weighted
mean of 0.012. Based on these data, we set 6; = 0.01 in the baseline model, corresponding
to a 1% annual decay rate, approximately representing an average orbit of 750 km.

The natural decay rates of derelict satellites (J;,) and rocket bodies (4,) are typically
lower than those of debris fragments due to their larger mass and surface area. Decay is
strongly influenced by the mass-to-surface ratio: Lafleur (2011) estimates 1.8 kg/m? for
fragments versus 110 kg/m? for satellites. Using the weighted distribution of satellites
across orbital altitudes, Lafleur (2011) finds that the average lifetime of derelict satellites
ranges from 3,990 years (decay rate 0.00025 under solar-maximum conditions) to 24,850
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years (decay rate 0.00004 under solar-minimum conditions), yielding an average LEO de-
cay rate of 0.000145. Assuming a similar mass-to-surface ratio for rocket bodies, we set
0w = 0, = 0.00015.

To calibrate the risk of collision (f), we focus on debris larger than 1 cm, as such
fragments can cause catastrophic damage to satellites. Collisions between operational
satellites also occur, though some can be avoided by maneuvering; however, many
satellites lack rapid or any maneuver capability. Farinella and Cordelli (1991) estimated
0 =3 x 10710 for an estimated 50,000 debris objects, implying roughly 0.2 satellite losses
per year (probability of collision  x 50,000 = 1.5 x 10~°). Kawamoto et al. (2019) re-
port higher probabilities: for debris >10 c¢m, the total collision probability is about 0.1 for
800-900 km orbits, 0.05 for 900-1,000 km, and 0.025 for 600-700 km. Following Farinella
and Cordelli (1991) and historical observations (four collisions between 1991 and 2009),
we adopt a reference total collision probability of 0.2, roughly one fatal collision every five
years, yielding 0 x D = 6.6 x 1072, Other estimates include Lafleur (2011) at 6.895 x 10717,
Percy (2015) at 6.37 x 1079, Bongers and Torres (2023) at 6.37 x 101, and Guyot and
Rouillon (2024) at 4 x 10710, For the baseline calibration, we use 6 = 1.25 x 1019, corre-
sponding to a collision probability § x Dy ; = 1.25 x 1074

The operational life of satellites is relatively short, and defunct satellites abandoned
in orbit are an important source of orbital debris. This occurs when satellites run out of
fuel and cannot be moved to graveyard orbits; once non-operational, they automatically
become debris. Such cases were common in the early stages of space activity. Abandoned
satellites pose significant risks due to their mass, as illustrated by the 2009 collision of the
derelict Kosmos-2251 with the operational Iridium-33.

Although the number of abandoned satellites is small relative to other forms of de-
bris, NASA tracks 3,524 derelict satellites in 2023, from which we estimate the fraction of
abandoned satellites () to be 0.40. This fraction is expected to decline over time due to
improved international standards requiring reserve fuel for de-orbiting maneuvers.

The fraction of rocket bodies per launch (¢) left in orbit is estimated at 0.6, consistent
with the number of abandoned rocket bodies in 2023 (McDowell, 2024). The fractions of
dead satellite breakups (d,) and rocket body breakups (J,) are calibrated to match the
derelict satellites and rocket bodies estimated by NASA and ESA for 2023, yielding 0.001
and 0.0012, respectively.

The number of debris pieces per launch (w) is the primary source of new fragments,
including only parts discarded during satellite insertion (excluding rocket bodies). To
match the number of tracked objects (>10 cm) in orbit, we calibrate w = 4. All fragment
law-of-motion parameters are calibrated based on debris larger than 10 cm, then scaled to
account for smaller fragments (>1 cm).

Finally, we calibrate the number of fragments produced per collision and per breakup.
The number of fragments per collision of operational satellites, derelict satellites, and
rocket bodies (ys, Yw, and 7, respectively) and per breakup of derelict satellites and
rocket bodies (¢, and ¢,) is based on estimates from the NASA Breakups Database
(Anz-Meador et al., 2022), which documents on-orbit breakups, collisions, and anoma-
lous events through 15 April 2022. The database records 268 fragmentation events and 87
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anomalous events, including 6 debris-causing collisions, 83 rocket body breakups, and 51
satellite self-destructions.

For operational satellite collisions, the database reports six events producing 2,430
cataloged debris (average 347 per collision). The DISCOS database reports five collisions,
averaging 483.6 fragments. Farinella and Cordelli (1991) assume two unintentional ex-
plosions per year, producing 2,059 fragments >1 cm per year. Lewis et al. (2009) estimate
625 fragments per catastrophic collision (>10 cm) and 25 per damaging collision (1-10
cm). Scaling to debris >1 cm, a catastrophic collision yields 17,748 fragments, and a non-
catastrophic collision yields 710. Based on these estimates, we set s = 70.

Due to limited data, we assume derelict satellites and rocket bodies produce the same
number of fragments per collision as operational satellites (v, = v, = 70). Although dif-
ferences in mass and structure could affect fragmentation, sensitivity analyses with -,
ranging from 50 to 200 show similar dynamics and consistent conclusions.

For debris generated by breakups, NASA’s database reports 47 satellite breakups (ex-
cluding anti-satellite or self-destruction events), producing 2,289 cataloged fragments, an
average of 44.6 fragments per derelict satellite breakup (¢, = 44.6). For rocket bodies,
83 breakups produced 8,315 cataloged debris, giving an average of 100.2 fragments per
breakup (¢, = 100.2).

APPENDIX B: CENTRAL PLANNER PROBLEM

This appendix presents the planning problem in which a central planner maximizes so-
cial welfare. The central planner chooses consumption, investment in Earth capital, and
investment in satellites, to maximize social welfare. This is a first best, where the negative
externality is fully internalized. The maximization problem solved by the central planner
is given by,

max_Eo)_ p'U(E)N: (B.1)

ceif it Dy 1=0

subject to

i i =y (B.2)
ve = arf (ke st, Ni) (B.3)
ki1 = (1= 8k +if (B.4)
i =hi +1 (B.5)
Iy = myiy (B.6)
st41 = (1= 6s)st + qe (1 — my)i] — x¢ (B.7)
xt = (1 —v;)0Dy 54 (B.8)
Diy=Wi+Zi+F; i=123 (B.9)
Wt+1 = (1 — Oy — €w)Wt — 9(D2,t + (1 — ’Ut)St)Wt +X(555t (BlO)

Zij1=01—-0;,—¢,)Z —0(Day + (1 —v¢)St) Zt + Ly (B.11)
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Fp1=(1—0f)Ft + wLi + pwewWr + P62 Z; +

Ys Xt + YwD2 Wt + v2D2 4 Z4 (B.12)
Li=En (B.13)
1
Xp=pt (B.14)
qt
By =(1+T)F, (B.15)

Additionally, the mapping from the "economic" model to the "physical" model is given
by the following expressions:

Xt = (1 — Ut)QDZ,tSt (B.16)
S =pt (B.17)
qt

The maximization problem can be defined as:
L=E Y BUE)N;
t=0

3 U
=) Aplce+kipr — (1 =6 )kt + ————Li —arf(ke,se, N
;:0 1t e+ ke — (1= O )ke = tf (ke st t):|

— Z )\Z,t [xt — (1 — Ut)0D2,tSt]
t=0

— ) A3t |St41 — (1 —5)s¢ — Q%Lt + xt:|
=0 K

— ) Mg Doy — Wy —Zy — (14 T)Fp
=0

=Y A5t (Wit — (1 — 60 — €0) Wi + 0(Da + (1 — 04)Si) Wy — x655]
=0

— A6,t[Zt+1 — (1 — 52 — Ez)Zt + 9(D21t + (1 — vt)St)Zt — q)Lt]
t=0

= ) AalFieer — (1= 6p)Fip — whe — puewWr — p2€:Z
i=0

—Ys Xt — YwOD2 Wi — ¥20D5 1 Z] (B.19)

The Lagrangian multipliers for each constraint in period t are Ay, Ast, Az, Aayp, Asy,
Ast, and Az;. Aqy is the standard shadow price of consumption. Ay, is the cost of the
probability of collision. A3 is the price of satellite assets. A4 is the cost of the stock of
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orbital debris, and A5 4, A+, and Ay ; represents the shadow cost of derelict satellites, rocket
bodies, and fragments, respectively.
First order conditions from the maximization problem, for t =0, 1, ..., o0 are,

aL

act
oL

ok y1
oL

05441

oL
oLy

oL

axt
oL

0Dy,

0L
Wi
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0Zt11

oL
oF +11
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= —A1p+ Ay [ =0 + app fi(kea, 80410, Niy1)] =0
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APPENDIX C: FLOW CHART OF THE FIXED POINT ALGORITHM

{Start: Initialize states}

!

Guess externalities: debris and satellite loss

Y

Solve decentralized problem (maximize household utility)

!

Update orbital debris dynamics

!

Update satellite loss

l

Difference < tolerance? End simulation




10

REFERENCES

[1] Anz-Meador P, Opiela ], Liou JC (2022) History of on-orbit satellite fragmentation,
16th edn. NASA

[2] Australian Space Weather Agency. 1999. Satellite orbital decay calculations. Sidney:
Australia.

[3] Bongers, A. and Torres, J. L. (2023). Orbital debris and the market for satellites. Eco-
logical Economics, 209: 107831.

[4] Bureau of Economic Analysis (2023). Space Economy Data, 2012-2021.

[5] Farinella, P. and Cordelli, A. (1991). The proliferation of orbiting fragments: a simple
mathematical model. Science and Global Security, 2: 365-378.

[6] Feenstra, R. C., Inklaar, R. and Timmer, M. P. (2015). The Next Generation of the Penn
World Table. American Economic Review, 105(10): 3150-3182.

[7] Guyot, J. and Rouillon, S. (2024). Sustainable management of space activity in low
Earth orbit. Journal of Environmental Economics and Policy, 13(2): 188-212.

[8] Kawamoto, S., Nagaoka, N., Sato, T. and Hanada, T. (2019). Impact on collision prob-
ability by post mission disposal and Active Debris Removal. First International Or-
bital Debris Conference.

[9] King-Hele, D. G. (1987). Satellite orbits in an atmosphere: theory and application. Springer
Netherlands.

[10] Lafleur, J.L. (2011). Extension of a simple mathematical model for orbital debris pro-
liferation and mitigation. American Astronautical Society, 11-173.

[11] Lewis, H.G., Swinerd, G.G., Newland, R.J. and Saunders, A. (2009). The fast debris
evolution model. Advances in Space Research, 44: 568-578.

[12] McDowell, J. (2024). Space Activities 2023. Jonathan’s Space Report.

[13] NASA (2020). The tracked objects in Low Earth Orbit: 2000-2020. Orbital Debris Quar-
terly Review, 24(4): 11.

[14] Nordhaus, W. D. (2008). A Question of Balance: Weighing the Options on Global Warming

Policies. Yale University Press, New Haven and London.

[15] Nordhaus, W. D. (2017). Revisiting the social cost of carbon. Proceedings of the National
Academy of Sciences, 114(7): 1518-1523.

[16] Nozawa, W., Kurita, K., Tamaki, T. and Managi, S. (2023). To what extent will space
debris impact the economy? Space Policy, 66: 101580.

[17] Percy, T. (2015). Simplified population growth modelling for low earth orbit. Dissertations,
76. University of Alabama.

[18] Rao, A, and Rondina, G. (2025). The economics of orbit use: Open access, external
costs, and runaway debris growth. Journal of the Association of Environmental and Re-
source Economists, 12(2): 353-388.



BaU 11

[19] Satellite Industry Association (2023). SIA Reports Record Growth for the Satellite Indus-
try in 2023.

[20] Space Foundation (2023). The Space Report 2023 Q2.

[21] Stern, N. (2006). The economics of climate change: The Stern Review, Cambridge Univer-
sity Press.

[22] Weitzman, M. L. (2007). A review of the Stern Review on the economics of climate
change. Journal of Economic Literature, 45: 703-724. []



	Introduction
	Related literature
	The model
	The economy model
	Households
	Firms
	Launch cost
	Exogenous growth sources
	Economic to physical variables mapping
	Launches

	The space model
	The stock of pollution
	Damage
	Debris generation
	Derelict satellites
	Rocket bodies
	Fragments

	Finite-horizon conditions

	Competitive Decentralized Equilibrium
	Decentralized solution approach
	Data and Calibration
	Results
	Conclusions
	References
	Appendix A: Data and calibration
	Data and initial values
	Calibration of economic parameters
	Calibration of physical parameters

	Appendix B: Central planner problem
	Appendix C: Flow chart of the fixed point algorithm
	References

