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Abstract 

Sunshades in space have been proposed as a geoengineering method to mitigate climate change by reducing incoming solar radiation. 
Sunshade concepts are gaining attention as a lower-risk but higher-cost alternative to terrestrial solar radiation management approaches, 
such as stratospheric aerosol injection. However, the literature is limited, and the absence of a structured development framework com-
plicates the evaluation, comparison, and maturation of these concepts. A shared standard that reflects the wide-ranging aspects of sun-
shade deployment could streamline efforts, accelerate progress, and improve the recognition of sunshades in the international climate 
change debate. While aiming to provide sustainability from space, a deployed sunshade must also follow sustainability principles in space 
given its scale. At the same time, the required industry on Earth should align with broader sustainability goals, ensuring that it does not 
undermine ongoing efforts towards a sustainable future. Therefore, as a first step, this paper analyzes the applicability of internationally 
recognized sustainability frameworks – namely the United Nations Sustainable Development Goals and the European Space Agency’s 
Environmental Impact Indicators for space systems – by employing a content analysis methodology on a representative selection of lit-
erature. The insights gained, along with criteria derived from the geoengineering literature, shaped the 18 Sunshade Development Cri-
teria (SDC), a framework for sustainable development. Subsequently, this paper analyzes the case study literature based on the SDC to 
draw conclusions on the state of the art of the sunshade domain. This framework is the first of its kind and this study is the first that 
employs a systematic content analysis to evaluate the sunshade literature. The findings indicate that a detailed assessment and compar-
ison of sunshade concepts remain challenging because of the field’s fragmentation. Although criteria such as side effects, controllability, 
and the overall context of climate change have been covered, significant gaps remain. These include technical maturity, global warming 
potential, sustainability considerations, distribution of spatio-temporal radiative forcing, public perception, social acceptability, global
inequalities, and impacts on the space segment. Addressing these gaps is essential, and the SDC serve as a crucial tool to facilitate this
maturation. Beyond purely technical considerations, this paper introduces an interdisciplinary perspective on the sunshade domain while
demonstrating this approach through its methodology and proposed framework. It seeks to advance sunshade concepts and guide their
sustainable development and deployment to address climate change. Ultimately, it aims to increase the acceptance of sunshades in the
international debate on whether and how we should intervene in the climate.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http:// 
creativecommons.org/licenses/by/4.0/). 
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Nomenclature 

AD2 Advancement degree of difficul ty
AL2O3 Aluminium ox ide 
AR6 Sixth Assessment Report of the IPCC 
CDR Carbon dioxide remova l 
CTP Climate tipping point 
CSE Circular space economy 
EII ESA Environmental Impact Indicator for 

space syst ems
ESA European Space Agency 
FSC Fuglesang Space Center 
GHG Greenhouse gas 
GMT Global mean temperatur e 
IEEE Institute of Electrical and Electronics Engi neers 
IPCC Intergovernmental Panel on Climate Change 
IPSS International Planetary Suns hade System 
ISRU In-situ resource utilizat ion 
L Lagrange point 
NASA National Aeronautics and Space Administra tion 

NOAA NationalOceanicandAtmosphericAdministration 
OHB OHB System AG 
PSF Planetary Sunshade Foundat ion 
RF Radiative forci ng 
RSS Realistic Sunshade System 
SAI Stratospheric aerosol injec tion 
SBSP Space-based solar power 
SDC Sunshade Development Criteria 
SDG UN Sustainable Developmen t Goal 
SEL Sun-Earth Lagrange point 
SG Solar geoen gineering 
SRM Solar radiation manage ment 
SRP Solar radiation pressur e 
TRL Technology readiness level 
UK United Kingdom 
UN United Nation s 
UNEP United Nations Environmental Programme 
UNOOSA United Nations Office for Outer Space Affairs
1. Intr oduction 

‘‘Climate change is happening now. Floods, droughts, 
heatwaves, and other climate-related hazards are becom-
ing more intense, longer and more frequent” (European 
Environment Agency, 2023). However, global green-
house gas (GHG) emissions continued their historical ly 
high growth rates in 2024 (Lan et al., 2025). The present 
scientific knowledge on climate change is summarized by 
the Intergovernmental Panel on Climate Change (IPCC) 
in their latest report, the Sixth Assessment Report (AR6)
(IPCC, 2023). It evaluates the goal of the 2015 Paris 
Agreement of keeping global warming well b elow 2 K 
compared to preindustrial levels likely to be exceeded
(Horowitz, 2016; IPCC, 2023). In fact, the implementa-
tion of current climate policies can result in a global 
mean temperature (GMT) increase of 3.2 K by 2100
(Lenton et al., 2019; Armstrong M cKay et al., 2022;
IPCC, 2023). 

The current warming of around 1.5 K touches the lower 
end of climate tippin g points (CTPs), such as the melting of
major ice sheets (Armstrong McKay et al., 2022). CTPs are 
critical thresholds that, if triggered by even small perturba-
tions, lead to major and irreversible changes in the climate
system (Lenton et al., 2008; Lenton et al., 2019). Even by 
staying within the Paris Agreement’s goal of 2 K war ming, 
a significant GMT increase by 15 % (Horowitz, 2 016; 
NOAA, 2023), several CTPs are expected to be triggered. 
The urgency of not letting the GMT rise even further
becomes evident.
2

In this context, geoengineering, as deliberate large-scale 
manipulation of the environment (Keith, 2000), has been 
discussed as a complement to – not a substitut e for – miti-
gation and adaptation efforts (Belaia et al., 2021; Borgue 
and Hein, 2023). Indeed, some authors consider it even 
too late for mitigation and adaptation-only scenari os
(Keith, 2000; Wigley, 2006; Shep herd, 2009; Ko sugi,
2010; Belaia et al., 2021; UNEP, 2023). This is because pre-
sent climate change is driven by past accumulated emis-
sions in the atmosphere, resulting in delayed warming
effects (Keith, 2019). Even if net zero emissions were 
achieved today, temperatur es could continue to rise for
decades (IPCC, 2022b; Planetary Suns hade Foundat ion
(PSF) and Fuglesang Space Center (FSC), 2023). Thus, 
reducing the GHG output to net zero would only slow 
the warming, not reverse the trend. As a potential solution, 
in an ideal scenario, geoengineering would temporarily be 
used to cool the Earth and its atmosphere, allowing 
humanity to transition its GHG footprint to net-negative. 
This could restore atmospheric GHG levels to preindustrial 
conditions, a task that unfortunately must be considered
‘‘virtually infinite” in terms of human lifespan (Keith, 
2019; Belaia et al., 2021). However, taking action now with 
a strategy that includes sunshades may keep future warm-
ing below levels of the Paris Agreement, preve nting CTPs
from being reached.

Geoengineering is not to be confused with a permanent 
or sole solution. In fact, it cannot be a solution as it does 
not address the cause of anthropogenic climate change, 
which is the release of GHGs into the atmosphere. Further-
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more, even the most optimistic scenarios show that no real-
istic geoengineering method is able to fully mitigate anthro-
pogenic climate change, primarily due to the increasing side 
effects with increasing deployment. Therefore, only a com-
bined mitigation-adaptation-geoengineering strategy may 
tackle climate change sufficiently (Belaia et al., 2021). 

Among different solar radiaton management (SRM) 
methods, sunshades have been proposed as a lower-risk 
but higher-cost alternative to terrestrial geoengineering 
approaches such as stratospheric aerosol injection (SAI). 
They are considered to be a mong the most efficient SRM
methods (Shepherd, 2009; Sánchez and McInnes, 20 15;
OHB System AG, 2020). The costs are mainly driven by 
the launch of their high mass of around tonnes to 
tonnes into space (Fuglesang and De Herreros Miciano, 
2021; Borgue and Hein, 2023). However, the cost of climate 
change is estimated to be much higher (Ellery, 2016; Belaia 
et al., 2021; Deloitte, 2022; Bor gue and Hein, 2023;
Romano et al., 2 023). The risk is lower since the atmo-
spheric chemistry of the planet would not be directly 
altered, and the solar radiation spectrum reduction and 
composition can be adjusted to maximize the effect and 
minimize side effects. In addition, any sunshade system 
would be scaleable and fully reversible.

Despite their potential, the literature and research on 
sunshades is limited (Kosugi, 2010; Keith et al., 2020; 
Baum et al., 2022), facing large uncertainties and knowl-
edge gaps. There are many challenges to overcome, ranging 
from social and ethical to technical and economic ones. 
Moreover, questions abo ut risks, governance, and impact 
on sustainable development in space and on Earth need
to be answered (IPCC, 2021). 

In this field of uncertainties, sunshade concepts are 
evolving independently, without a unified development 
frame work (e.g., design guidelines) to discuss and evaluate
alternatives (Boyd, 2008; Kosugi, 2010; Boyd, 201 6;
Fuglesang and De Herreros Miciano, 2021). To address 
this gap, a framework is needed to facilitate systematic 
development. Such a framework would enable comprehen-
sive and objective evaluations, identify knowledge gaps, 
measure progress, assess risks, support decision making, 
inform policy development, and foster dialogue and 
research. By providing a shared language and structure, 
it promotes interdisciplinary co operation and ensures that
diverse perspectives are considered.

In light of these challenges and promises, two research 
questions guide this work: (i) How can a conceptual devel-
opment and evaluation framework that incorporates sus-
tainability aspects help advance the maturity and 
applicability of the sunshade research domain? And subse-
quently, (ii) How far has the sunshade domain matured?

Hence, this paper introduces a novel framework for the 
sustainable development of sunshade concepts, providing 
the ground for comprehens ive assessments as these con-
cepts mature. Once fully developed, they can be compared
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with other geoengineering options and potentially serve as 
alternati ves or complements to SRM methods.

The paper is structured as follows. Section 2 provides an 
overview of sunshade concepts and Section 3 presents the 
selection principles of the analyzed literature and details 
the content analysis methodology. Section 4 investigates 
framework approaches within the sunshade domain to gain 
insights and to av oid duplicating work. With a sim ilar
intention, Section 5 investigates sustainable development 
frameworks outside the sunshade domain, selecting two 
for further analysis, and applies a content analysis to the 
case study literature. Building on the insights from Sec-
tion 4 and Section 5, Secti on 6 introduces a comprehensive 
set of 18 Sunshade Develop ment Criteria (SDC). In Sec-
tion 7, these SDC form the basis for a second content anal-
ysis of the case study literature to derive the stat us of 
sunshade development and to demonstrate their applic abil-
ity. Subsequently, Section 8 discusses the results and Sec-
tion 9 provides final remarks on this work, along with 
directions for future research.

2. Background on sunsha de concept s

The most discussed space-based geoengineering 
approach relies on using sunshades, thin structures placed 
between the Earth and the Sun, to limit the amount of sun-
light reaching Earth. Sunshades are considered to be costly 
and technically challenging. However, they are one of the 
most efficient SRM technologies in terms of cooling effect
per radiative forcing (RF) (Lenton and Vaugha n, 2009; 
Shepherd, 2009; Sánchez and McInnes, 2015). RF ‘‘de-
scribes any imbalance in the Earth’s radiative budget caused 
by human or natural interference with the c limate system”

(Lenton and Vaughan, 2009). Furthermore, sunshades are 
the least invasive geoengineering method. This leads to a 
higher predictability of desired and undesired effects, and 
simultaneously, side effects are expected to be less signifi-
cant compared to other geoengineering approaches.

The first concepts were indepen dently introduced by
Seifritz (1989) and Early (1989). Seifritz proposed large 
mirrors mounted on satellites, and Early suggested a thin 
reflecting or refracting glass shield, both placed at Sun-
Earth Lagrange point 1 (SEL1). At SEL1, the effects can 
be controlled and, if ne cessary, eliminated, since without 
ongoing station keeping efforts, any sunshade placed will 
disappear in a matter of weeks through the influence of
solar radiation pressure (SRP) (Early, 1989; Keith, 2000; 
Sánchez and McInnes, 2015). 

Later, McInnes (2002) presented the concept of a large 
solar shield also at SEL1, while Angel (2006) proposed a 
cloud of trillions of smaller ‘‘flye rs” at the same location.
Kennedy et al. (2013) introduced their concept of ‘‘Dyson 
Dots”, consisting of a Texas-sized swarm of solar energy 
collecting sails at SEL1. The concept brings another poten-
tial use case to the sunshade as it would be able to capture



J. Bahlmann et al. Advances in Space Research xxx (xxxx) xxx
and beam enough solar energy to Earth to meet presen t 
and future en ergy needs.

Sánchez and McInnes (2015) stated that non-uniform 
shading is required to achieve a uniform cooling effect 
and presented de dicated orbits and techniques to do so.
A year later, Ellery (2016) primarily proposed a manufac-
turing concept using lunar resources and self-replicating 
technology that would enable low-cost space-based geo-
engineering, introducing a more practi cal and feasibility-
oriented view while relying on cu rrent and near-term
technology.

In view of advancing climate change, concepts have 
evolved that provide a more holistic and practical view 
and, at the same time, address specific technical challenges.
For instance, Fuglesang and De Herreros Miciano (2021) 
published their concept of a ‘‘Realistic Sunshade System” 
(RSS). They highlight solar sail technology and reusable 
heavy launchers as the main challenges to overcome. Tak-
ing into account different development speeds, a conserva-
tive and optimal sunshade design was introduced. Aiming 
to be entirely launched from Earth by the middle of the 
century, an implemented RSS at SEL 1 is evaluated feasible
if the technology development starts now.

In 2020, the ‘‘Planetary Sunshade” concept built from 
space resources was published by Centers et al. (2020) and 
Jehle et al. (2020). The concept was then – in collaboration 
– developed towards the ‘‘International Planetary Sunshade 
System” (IPSS) by Fix (2021); Maheswaran (2021); 
Maheswaran and Fix (2021). It is currently undergoing fur-
ther development (Maheswaran et al., 2022; Acker, 2023; 
Maheswaran et al., 2023; Maheswaran et al., 2023b ;
Maheswaran et al., 2023c; Mah eswaran et al., 2023;
Brauer et al., 2023; Ganzmann, 2023; Mindermann et al.,
2024; Town et al., 2025). The authors propose a shift over 
time from using terrestrial to lunar resources, while leverag-
ing current and future technology development trends, to 
increase the feasibility of the project. In a later stage, the 
IPSS aims to deliver space-based solar power (SBSP) from
SEL1 to Earth to meet global energy needs.

Borgue and Hein (2023) proposed an ultralight and 
near-zero SRP sunshade design utilizing advanced solar 
sail concepts of the National Aeronautics and Space 
Administration (NASA) (Burton et al., 2005). The Earth 
launch concept aims to reduce the requir ed launch mass 
by a factor of to However, this concept requires 
an additional disposable membrane layer or another type 
of space transportation to reach SEL1, which contributes 
to the launch mass.

The lightest sunshade concept to date was published by
Szapudi (2023). Szapudi’s tethered shield concept aims to 
require only 1% of the total infrastructure mass to be 
launched from Earth. The Earth-manufactured sunshade 
would util ize lightweight tethers to be attached to a balanc-
ing mass placed towards the Sun. It is suggested that the

102 103 . 
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balancing mass comes from lunar dust or an asteroid. The 
37.000-tonne shield could therefore be placed very close to 
Earth, resulting in a relatively small sunshade surface area, 
which in turn requires only twice the mass that has been 
launched off Earth to date, as estimated by the author. 
However, the proposed launch mass does not include the 
infrastructure required for the manipulation of the orbit 
of an asteroid, lunar mining activities, and transport of 
the former to SEL 1, which is important when comparing
it with holistic approaches, such as the RSS and IPSS.

Most concepts aim for a GMT reduction of 1 K to 2 K, 
resulting in a permanent sunlight attenuation of 0.5% to 
1.8%. For reference, an attenuation of 1.8% equals six days 
of completely obscured sun per year (Bromley et al., 2023). 
Sunshades differ mainly in optical surface properties, aver-
age areal density, and size and number of sunshades or 
objects. Another way to categorize concepts is whether 
they are manufactured on Earth and launched by chemical 
or electrical propulsion, or whether they primarily or partly 
rely on in situ resou rce utilization (ISRU) and in-space 
manufacturing. ISRU concepts aim to utilize lunar regolith 
or asteroid resources to minimize the environmental impact
of frequent rocket launches and related industries, while
preserving valuable materials on Earth.

The scale of any concept is outstanding and would 
require decades of global effort. Recent conce pts that do 
not use celestial bodies as part of their mechanism range

from tonnes to tonnes, with a sunshade surface area 
on the order of (Fix, 2021; Fuglesang and De 
Herreros Miciano, 2021; Baum et al., 2022; Borgue and
Hein, 2023), although a 15 to 24 precursor mission 
has recently been proposed (Coco et al., 2 025). Production 
and deployment of sunshades would therefore require an 
Earth- and space-based economy comparable in size to 
the global automotive industry (Fuglesang and De 
Herreros Miciano, 2021). 

3. Material and methods 

This work introduces a novel framework for the sustain-
able development of sunshades. It enables determining the 
status of development and provides the ground for compre-
hensive assessments as these concepts mature. Initially, a 
survey was co nducted to identify existing frameworks 
and criteria inside and outside the sunshade domain to 
avoid duplicating work (see literature selection principles
in Section 3.1). At the same time, a representative selection 
of the sunshade literature was made that serves as the case 
study literature (see Section 3.1, as well). While there was 
no comprehensive development framework found within 
the sunshade literature, two external frameworks have been 
found applicable. The case study literature was then evalu-
ated by a content analysis on the coverage of the two
frameworks (for content analysis methodology, see Sec-
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Fig. 1. Methodology for developing the proposed SDC and deriving the development status of sunshades within case study literature.
tion 3.2). Based on the findings, a sunshade-specific frame-
work was deemed necessary and subsequently developed. A 
second content analysis of the case study literature was 
cond ucted to determine the current state of sunshade devel-
opment. The applied methodology is presented in Fig. 1. 

3.1. Literature selection 

Peer-reviewed journal articles on the sunshade topic are 
still limited; therefore, the authors decided to investigate 
also grey literature such as official or technical reports, con -
ference proceedings, theses, etc. A total of 85 publications 
spanning from 1989 to 2025 have been examined.

First, an online search has been conducted to find wide-
ranging sustainability assessment frameworks and criteria 
to evaluate space systems and activities on Earth, without 
being geoengineering specific. The objective was to find 
well-defined frameworks and criteria accepted by the inter-
national community, so the keywords have been {sustain-
ability OR space} AND {criteria, indicator, taxonomy, 
index, metric, measure, assessment, life cycle assessment,
evaluation}.

Subsequently, the search has been extended to the gen-
eral and space-based geoengineering literature. The focus 
was on the literature that includes both terrestrial and 
space-based geoengineering concepts, as it was expected 
that this type of literat ure would always include criteria 
that can be applied to compare different approaches. Key-
words for this search have been {sunshade OR space-based
geoengineering} AND {geoengineering, solar radiation
5

management, criteria, evaluation, assessment}. For all key-
word searches, Google Search and the Google Scholar, 
Scopus, and Institute of Electrical and Electronics Engi-
neers (IEEE ) Xplore data bases have been used. This inves-
tigation also bro ught the different sunshade concepts to
light, as Fig. 1 shows. Through direct contact with some 
of the authors, it was discovered that OHB System AG 
(OHB) had carried out a system study of SRM methods
(OHB System AG, 2020), including sunshades, and partial 
access was kindly grante d.

However, some relevant literature known to the authors 
was not identified using the initial search approach. To 
address this, the literature review was supplemented by 
applying a snowballing method (Wohlin, 2014), where 
the most recent publications were reviewed and their refer-
ences scanned to identify additional journal articles and 
other relevant sources. This process was repeated itera-
tively, moving step by step backwards in time through 
the most frequently cited publications, eventually tracing 
back to the earliest publications in the field. Indeed, this 
method successfully led to the ‘‘discovery” of publications 
that were not detected by the initial search and pointed to
some previously unknown works as well.

Since one of the main objectives of this work is to 
investigate the development status of sunshades, particu-
larly at SEL1, as it seems the most viable ‘‘short-term” 
approach to the authors, it was necessary to select liter-
ature from the gathered pool for further analysis. As sta-
ted before, the literature that focuses exclusively on
sunshade concepts is limited, which is why the literature
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Table 1 
Overview of sunshade concepts and related literature selected for this study, organized by publication year within each category. The principles for 
selecting the literature are detailed in Section 3. 

Author, year Title 

Sunshade concepts 
Seifritz, 1989 Mirrors to Halt Global Warming? 
Early, 1989 Space-based solar shield to offset greenhouse effect 

McInnes, 2002 Minimum Mass Solar Shield for Terrestrial Climate Control
Angel, 2006 Feasibility of cooling the Earth with a cloud of small spacecraft near the inner Lagrange point (L1)

Kennedy et al., 2013 Dyson Dots: Changing the solar constant to a variable with photovolt aic lightsails
Sánchez, McInnes, 2015 Optimal Sunshade Configurations for Space-Based Geoengineering near the Sun-Earth L 1 Point

Low-Cost Space-Based Geoengineering: An Assessment Based on Self-Replicating Manufacturing of in-Situ Resources on the
Moon

Ellery, 2016 

Fuglesang, Herreros, 
2021 

Realistic sunshade system at L1 for global temperature control

Roy, 2022 The solar shield concept: Current status and future possibilities
Borgue, Hein, 2023 Transparent occulters: A nearly zero-radiation pressure sunshad e to support climate change mitigation
IPSS contributors, 

2020–20 25 
Space Resources to Stop Global Warming: a Planetary Sunshade (Centers et al., 2020); A Planetary Sunshade Built from Space 
Resources (Jehle et al., 2020); Feasibility Study of a Sunshade in the Vicinity of the Sun Earth L1 Lagrange Point (Fix, 2021); 
Analysis of Logistical Construction Aspects of a Sunshade Concept in the Vicinity of the Sun Earth L1 Lagrange Point
(Maheswaran, 2021); The International Planetary Sunshade - An Umbrella Project to Foster International Collaboration to 
Mitigate Global Warming (Maheswaran et al., 2022); Parametrized Sunshade Design Study for an Evolutionary Sunshade 
Concept (Acker, 2023); The International Planetary Sunshade System - An Umbrella Project Combining Sustainable Energy 
Supply with Mitigation of Global Warming (Maheswaran et al., 2023); International planetary sunshade concept with a 
function-integrated and scalable support structure based on coreless filament winding (Maheswaran et al., 2023); Development 
of a modular logistics concept enabling the deployment of the IPSS system (Ganzmann, 2023); Long-span fiber composite truss 
made by coreless filament winding for large-scale satellite structural systems demonstrated on a planetary sunshade concept
(Mindermann et al., 2024); Preliminary Structural System Design for Planetary Sunshade (Town et al., 2025) 

Related literature 
Keith, 2000 Geoengineering the Climate: History and Prospect 

Lenton, Vaughan, 2009 The radiative forcing potential of different climate geoengineering options
Shepherd, 2009 Geoengineering the climate: science, governance and uncertainty
Kosugi, 2010 Role of sunshades in space as a climate control option

Vaughan, Lenton, 2011 A review of climate geoengineering proposals 
Corner et al., 2013 Messing with nature? Exploring public perceptions of geoengineering in the UK

OHB System AG, 2020 Solar Radiation Management: Detailed SRM Study Report
Belaia et al., 2021 Optimal climate policy in 3D: mitigation, carbon removal, and solar geoengineering

Between the sun and us: Expert perceptions on the innovation, policy, and deep uncertainties of space-based solar
geoengineering

Baum et al., 2022 

UNEP, 2023 One Atmosphere: An independent expert review on Solar Radiation Modification research and deployment
PSF, FSC, 2023 State of Space Based Solar Radiation Modificatio n
involving sunshades alongside other geoengineering 
approaches was also selected. The selection was made 
based on scientific citations, variety of perspectives, 
online reads or views, media attention, publication date, 
and relevance to the research questions of this paper. 
The aim was to show the development of the literature 
over time and to derive a clear picture of the state of
the art. Subsequently, the literature selection, as pre-
sented in Table 1, was designed to reflect this progres-
sion, serving as a comprehensive case study.

Regarding the IPSS, several publications were gathered 
as they complement each other. This illustrates a limitation 
of the study, as some concepts and publications are more 
extensive than others. On the other hand, it is exactly what 
this study is trying to clarify. Additionally, the selection of
primarily peer-reviewed journal publications is contrasted
6

with grey literature, such as official institution report s, in 
a few select cases.

3.2. Content analys is 

The publications listed in Table 1 were thoroughly ana-
lyzed, including their appendices. A content analysis 
methodology was employed, in which the exist ence and fre-
quency of certain concepts were examined (Elo an d 
Kyngäs, 2008; Schreier, 2012; Krippendorff, 2019). ‘‘Con-
tent analysis entails a systematic reading of a body of texts” 
and ‘‘increas es a researcher’s understanding of particular 
phenomena” (Krippendorff, 2019). This method of assess-
ing the existence and frequency of nodes and themes 
ensures a systematic evaluation of the content and facili-
tated the organization of data across different publications
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and frameworks. For example, each of the United Nations 
Sustainable Development Goals (UN SDGs) served as a 
node, while the framework of all 17 UN SDGs served as
the overarching theme.

The assessment considers the presence of the underlying 
concept of a node rather than requiring its explicit men-
tion. The approach entails the challenge that different 
coders may link different content elements, such as a state-
ment, paragraph, table, or figure, to different nodes–or, 
conversely, may not assign a relevant content element to 
a node at all. To address this, a shared understanding 
and consistent terminology was established through discus-
sions among the authors prior to the assessment. These dis-
cussions were revisited throughout the coding period,
helping to resolve questions and discuss issues as they
arose.

Eventually, the evaluation needs to capture how many 
times a certain node is triggered per publication to derive 
how intense a given publication addresses it. A simple
assessment scheme, shown in Table 2, allows for a subse-
quent evaluation of node coverage among sunshade con-
cepts and related literature. In addition, it serves as a 
useful tool for identifying trends, correlations, and gaps 
in the literat ure. In this way, it is possible to evaluate and 
summarize what is known and what remains undiscovered
in a particular field (Crossan and Apaydin, 2010). Through 
an iterative approach, it has been found that assigning a 
range of 1 to 10 content elements (+) and more than 10 
content elements (++) provides a meaningful distinction 
between low, medium, and detailed coverage without being 
arbitrary. The thresholds were established after an initial 
review of the literature, revealing that most publications 
with detailed coverage typically presented more than 10 
content elements per node. Setting a higher threshold 
(e.g., 20) would risk underestimating substantial contribu-
tions, while a lower threshold (e.g., 5) would make it diffi-
cult to differentiate between moderate and comprehensive 
coverage. The use of ‘‘no coverage” (-) reflects the absence 
of any meaningful engagement with the node or theme in 
the literature. It is important to note that this approach 
focuses on analyzing the frequency of the content and does 
not provide a qualitativ e rating (positive or negative) of
contributions. Examples of content elements that con-
tributed to specific coverage scores (i.e., frequencies) will
be provided in the respective Section 5 and Secti on 7. 
Table 2 
Introduction of a simple assessment scheme to quantify criteria coverage 
within the literature. A content element refers to, e.g., a single statement, 
paragraph, table, or chart. The methodology is detailed in Section 3.2. 

Coverage Score Value [–] Description 

None - 0 No content element can be 
assigned to a node.

Low to medium + 1 One to ten content elements 
can be assigned to a node.

Detailed ++ 2 More than ten content elements 
can be assigned to a node.

7

This assessment methodology was applied to the 22 
selected sunshade concepts and related literature and was 
conducted for 51 nodes, belonging to three themes. This 
resulted in 1,122 data points, which means one coverage 
score for each node within each publication. To assess 
the theme coverage of a given publication or node coverage 
across all 22 publications, ‘‘cumulated coverage” is intro-
duced. Cumulated coverage is calculated by adding the 
individual coverage scores of the rows (representing the 
theme coverage of a publ ication) or columns (representing
the node coverage across all publications) from the respec-
tive data sets presented in Section 5 and Secti on 7. The sum 
of the individual scores was subsequently transferred to the 
corresponding value as outlined in Table 2. To ensure com-
parability, these total values were normalized with the 
maximum possible score. For example, detailed coverage 
(++ score, value 2) of a node in all 22 publications resul ts 
in a maximum cumulative coverage value of 44, corre-
sponding to 100% cumula tive coverage and providing a
benchmark of the status quo.

4. Framework approaches within the sunshade domai n

As introduced in Section 1, we refer to a framework as a 
set of criteria. However, a development framework (e.g., 
design guidelines) can evolve into an assessment frame-
work once both the subject being evaluated and the frame-
work itself have reached sufficient maturity. Therefore, 
these terms are interchangeable in our context, enabli ng
us to conduct a broader search in the literature.

In 2019, about 500 geoengineering-related journal arti-
cles were published (Keith, 2019). The amount of literature 
on sunshades is lower by at least one order of magnitude
(Baum et al., 2022). To the best knowledge of the authors, 
there is no peer-reviewed work that focuses on evaluating 
different concepts in a comprehensive and systematic
assessment. Only Baum et al. (2022) presented an overview 
of 23 space-based geoengineering proposals in 2022, pro-
viding short concept descriptions, but their work focuses 
on expert perceptions on sp ace-based geoengineering in
general.

Additionally, Shyur and Keith (2019) presented an 
annotated bibliography of space-based geoengineering, 
briefly describing 13 space-based geoengineer ing concepts 
according to ‘‘Type, Location, Mass (tonne), Area , 
Material, Notes and concerns”. Those brief overviews are 
typically found in the introduction sections of the space-
based geoengineering literature, but these rather technical 
criteria do not provide a foundation for a comprehensive
and systematic assessment.

A closer look at the peer-reviewed sunshade literature 
reveals the lack of standardized frameworks to describe 
the concepts. The authors use very different approaches 
when answering similar questions, such as ‘‘What is to 
include in sunshade mass estimations?”, or while address-
ing the same criterion such as effectiveness, which is often

(km2 )
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Table 4 
OHB’s detailed SRM study report timeliness trade-off criterion definition, 
adapted from OHB System AG (2020). 

Criteria 
value 

Description Value [y] 

1 The concept development and proof of 
concept will take a long time to execute.

15 

2 There is a large delay in the concept 
development and proof of concept.

10–15 

3 There is a medium delay in the concept 
development and proof of concept.

5–10 

4 There is a small delay in the concept 
development and proof of concept.

1–5 

5 Concept development and proof of concept 
can be achieved within the stated time.

1 
confused with efficacy, efficiency, and effectivity. Since 
these criteria differ from each other (Enrique and Marta , 
2020; Cunff, 2020), difficulties and accuracy issues arise 
when trying to compare concepts. Authors also focus on 
very different topics when proposing a concept, and when 
addressing similar topics such as side effects, it is often 
done in different depth. Hence, the information given is 
rather fragmented, and a comprehensive assessment is 
chall enging. It should be noted that contributions from
grey literature, such as Chesley et al. (2023), present con-
ceptual frameworks with a focus on technical aspects, 
along with environmental and governance considerations. 
This is an important step towards resolving this lack of
standardization.

More promising is to look into the literature that covers 
sunshades among other geoengineering methods, since 
these fields have a larger body of literature available. The 
majority of this literature consists of rather high-level 
assessments, while mainly qualitative criteria are used to 
compare concepts. However, these publications give a good
starting point for finding sunshade-related development
criteria.

One of them is the 2009 Royal Society report on geo-
engineering (Shepherd, 2009). They introduced four quali-
tative evaluation criteria, namely effectiveness, 
affordability, timeliness, and safety. In the report, each geo-
engineering method was evaluated by giving a rating from 
very low to very high, together with a short justification for 
each criterion, which can be seen for the example of space-
based methods in Table 3. Through their assessment, they 
recognized the need for more comprehensive future evalu-
ations and proposed eight criteria: legality, effectiveness, 
timeliness, impacts, costs, funding support, public accept-
ability, and reversibility. Although these criteria are a step 
in the right direction, they miss important aspects such as 
the potential for good governance, ethical considerations, 
and space-related issues associated with deploying sun-
shades. It may also be argued that costs, funding support, 
and compliance with the current, potentially insufficient 
legal system should not necessarily be the highest priority
when discussing altering the planet’s climate system.

OHB System AG (2020) then utilized and enhanced the 
initial four criteria of the Royal Society for their ‘‘Detailed 
SRM Study Report”. Each criterion is separated into five 
levels, while each level is described and assigned to a value, 
except for safety, for which only high-level descriptions
Table 3 
Qualitative evaluation of space-based geoengineering methods in the 2009 Ro

Criterion Description

Effectiveness No inherent limit to effect on global temperatures SRM met
Affordability High cost of initial deployment (depends on mass required):

positions): but long lifetime once deployed.
Timeliness Would take several decades (at least) to put reflectors into s

temperatu res within a few years.
Safety Residual regional climate effects, particularly on hydrologica

environment beyond possible effects of reduced insolation.

8

were given. As an example, the definitions and values of 
the timeliness criterion are presented in Table 4. 

While it is assumed that OHB is able to develop a sun-
shade system, it is noteworthy that safety is the most 
detailed described criterion, while the range of years for 
timeliness are rather short-term, which leads to the impres-
sion that the delicate but urgent situation is well
understood.

Although these criteria allow for an initial analysis, 
which is important for decision making, there are natural 
limitations to any high-level approach. As an example, 
timeliness depends highly on effort and prioritization, and 
safety depends on proper use, sufficient research and engi-
neering, and governance. Affordability is a matter of will 
and effectiveness is a rather simple approach to a complex 
issue. Furthermore, the aforementioned criteria depend on 
the deployment scale and location an d do not represent the 
wide-ranging effects and side effects of a deployment. How-
ever, the use of high-level qualitative criteria seems 
unavoidable for now, as the data availability issue needs 
to be overcome first. This reflects the difficulty of determin-
ing appropriate development or assessment criteria in the
space-based geoengineering domain.

Since we did not find a comprehensive, ready-to-use 
development framework applicable or dedicated to sun-
shades in the related literature, we are expanding our 
search to include widely accepted development frameworks 
outside the geoengineering domain. We find this approach 
necessary, considering that sunshade deployment would 
impact all aspects of life on Earth, which may already be
reflected, at least to some extent, in those frameworks. This
yal Society report on geoengineering, adapted from Shepherd (2009). 

Rating 

hod so does nothing to counter ocean acidification. High 
Very low to 
Low 

 plus additional operational costs (e.g. maintaining 

pace Once in place, reflectors would reduce global Very low 

l cycle No known direct biochemical effects on Medium 
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prevents duplication of existing work. Therefore, our next 
step is to assess whether these established frameworks 
can be applied effectively to the sunshade domain. Should 
this not be feasible or only partly, the insights gained will 
provide a solid foundation for proposing a dedicated sun-
shade development framework.

5. External frameworks applied to sunshade literature 

The Royal Society report suggests that geoengineering 
criteria can be broadly categorized into tech nical and social 
criteria (Shepherd, 20 09). Hence, one primarily social frame-
work and one primarily technical framework are selected for 
an initial evaluation. However, a sunshade system designed 
to address climate change and potentially bridge us to a net-
negative emission world requires the creation of an entirely 
new industry, both in space and on Earth. Consequently, it 
is reasonable to argue that such a system should be devel-
oped sustainably to minimize the negative environmental, 
social, and economic impacts throughout all phases of the 
mission. This directs the scope of this se arch towards social 
and technical sustainability development frameworks. To 
ensure transparency, it is important that the selected frame-
work s are well defined and open-source.

5.1. United Nations Sustainable Devel opment Goals 

The latest IPCC report references the UN SDGs as 
essential for achieving ecosystem and planetary health, 
while highlighting that climate-resilient development 
should ensure human health and wel l-being, equity, and
justice (UN, 2016; IPCC, 2022a). This aligns closel y with 
Table 5 
List of 17 UN Sustainable Development Goals (UN, 2016). 

Nr. Title Definition 

SDG-01 No poverty End poverty in all its forms ev
SDG-02 Zero hunger End hunger, achieve food secu
SDG-03 Good health and well-being Ensure healthy lives and prom
SDG-04 Quality education Ensure inclusive and equitable
SDG-05 Gender equality Achieve gender equality and e
SDG-06 Clean water and sanitation Ensure availability and sustain
SDG-07 Affordable and clean energy Ensure access to affordable, re

Decent work and economic
growth

SDG-08 Promote sustained, inclusive a
decent work for all.

Industry, innovation and 
infrastruct ure

SDG-09 Build resilient infrastructure, p

SDG-10 Reduced inequalities Reduce inequality within and 
Sustainable cities and 
communitie s

SDG-11 Make cities and human settlem

SDG-12 Responsible consumption 
and production 

Ensure sustainable consumptio

SDG-13 Climate action Take urgent action to combat 
SDG-14 Life below water Conserve and sustainably use 
SDG-15 Life on land Protect, restore and promote su

desertification, and halt and re
Peace, justice and strong
institutions

SDG-16 Promote peaceful and inclusive
build effective, accountable an
Strengthen the means of imple
Development.

SDG-17 Partnerships for the goals 

9

the potential objectives of an ideal sunshade system. Given 
that the IPCC represents the global consensus on climate 
science, and considering that the SDGs were chosen from 
among many possible frameworks by the IPCC, the SDGs 
were subsequently selected as the socially oriented sustain-
ability framework for the initial content analysis of this 
work. In addition, the SDGs explicitly identify climate 
action as one of their main goals. The UN also positions
itself as a capable governance body for coordinating global
geoengineering efforts (UNEP, 2023). Therefore, given the 
widespread acceptance of the SDGs, they offer a promising 
framework to assess whether the impacts of sunshades on 
society and nature are adequately addressed in the litera-
ture. The 17 SDGs are listed in Table 5. 

Fig. 2 shows the cumulated coverage of the UN SDGs in 
the case study literature. Similarly, Fig. 4 shows the evolu-
tion of the UN SDGs over time (in orange). Both figures 
visualize the data of Table 6. For both charts, a maximum 
coverage of 100% per UN SDG or publication can be 
reached, resulting from a detailed coverage. However, an 
average cumulated coverage of 30% was achieved, repre-
senting the average for both graphs.

In the following, three statements from the literature 
assigned to specific UN SDGs are provided as an example:

SDG-09 Industry, innovation, and infrastructure: 

The most substantial barrier to implementing the technology 
is the excessive cost of launching the materials. Research 
subjects currently under study include investigating materi-
als, investigating the shape of the sunshades, and designing 
a control system for maintaining the position of the sun-
shades, which have large reflecting/deflecting areas with
erywher e.
rity and improved nutrition and promote sustainable agriculture.
ote well-being for all at all ages.
 quality education and promote lifelong learning opportunities for all.
mpower all women and girls.
able management of water and sanitation for all.
liable, sustainable and modern energy for all.
nd sustainable economic growth, full and producti ve employment and 

romote inclusive and sustaina ble industrialization and foster innovation.

among countries. 
ents inclusive, safe, resilient and sustainable.

n and production patterns. 

climate change and its impacts.
the oceans, seas and marine resources for sustaina ble development.
stainable use of terrestrial ecosystems, sustainably manage forests, combat 
verse land degradation and halt biodiversity loss.
 societies for sustainable development, provide access to justice for all and 
d inclusive institutions at all levels.
mentation and revitalize the Global Partnership for Sustainable
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Table 6 
UN SDG coverage of sunshade concepts and related literature from 1989–2025. Metric: ‘‘++” – detailed coverage; ‘‘+” – low to medium coverage; ‘‘-” – no coverage. The methodology is detailed in
Section 3. 

Author, year / UN SDG SDG-01 
No 

poverty 

SDG-02 
Zero 
hunger 

SDG-03 Good 
health and 
well-being 

SDG-04 
Quality 
edu cation 

SDG-05 
Gender 
equality 

SDG-06 Clean 
water and 
sanitation 

SDG-07 
Affordable and 
clean energy 

SDG-08 Decent 
work and 

economic growth 

SDG-09 Industry, 
innovation and 

infrastr. 

SDG-10 
Reduced 

inequalities 

SDG-11 
Sustainable cities 
and communities 

SDG-12 
Responsible 

consumption and 
prod. 

SDG-13 
Climate 
action 

SDG-14 
Life below 

water 

SDG-15 
Life on 
land 

SDG-16 Peace, 
justice and stro ng 

inst itutions

SDG-17 
Partnerships 
for the goals 

unshade concepts S 
Seifritz, 1989 - + - - -

Early, 1989 - + - - -

McInnes, 2002 - + - - -

Angel, 2006 - + - - -

Kennedy et al., 2013 - - + - - - ++ + + + + + ++ + + + + 
Sánchez, McInnes, 2015 + + + - -

Ellery, 2016 - - - - - - + + ++ - - + ++ - - - -

Fuglesang, Herreros, 2021 - - + - - - - + ++ + + + ++ - + - + 
Roy, 2022 - + + - - - ++ + ++ + + ++ ++ + ++ + + 

Borgue, Hein, 2023 - - + - - - - + ++ - - - ++ - + - + 
PSS contributors, 2020–2025I - - + - - - ++ ++ ++ + + ++ ++ - + ++ ++ 

Related literature 
Keith, 2000 - - + - - - + - + - - - ++ ++ ++ + -

Lenton, Vaughan, 2009 - - - - -

Shepherd, 2009 - - + - - + - ++ ++ + - - ++ ++ + + + 
Kosugi, 2010 - - + - - + - + ++ + + + ++ + + - -

Vaughan, Lenton, 2011 - - + - - + + + + + + - ++ ++ ++ + + 
Corner et al., 2013 - + + - + - - + - + ++ ++ ++ - - + -

OHB System AG, 2020 - - - + - - +  
Belaia et al., 2021 + + - - -

Baum et al., 2022 - + - - - - + + ++ + + + ++ + + + ++ 
UNEP, 2023 - - + - - - - - + ++ ++ - ++ + + ++ ++ 

PSF, FSC, 2023 - - + - - - + + ++ - + + ++ - + + +
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Fig. 2. Cumulated coverage of all 17 UN SDGs in the selected literature. 
Here, cumulated coverage represents the extent to which a UN SDG is 
discussed within all publications. Note that the maximum possible 
coverage is 100%. The underlying data set is provided in Table 6.
low weights while providing long-term reflection/ deflection 
of sunlight while stably positioned in space (Kosugi, 201 0). 

SDG-13 Climate action: 

The Planetary Sunshade Foundation believes that solar radi-
ation modification will be a necessary part of the global 
warming solution, safeguarding and complementing the 
transition away from fossil fuels and the removal of excess
greenhouse gases from the atmosphere (PSF and FSC, 
2023). 

SDG-17 Partnerships for the goals: 

The Planetary Sunshade is a large project, but achievable 
with commitment from the world's nations. Construction 
of the Sunshade would afford its creators significant prestige 
and economic opportunities, in addition to climate stability
(PSF and FSC, 2023). 

The evaluation of the coverage of the SDGs reveals sev-
eral critical insights, highlighting both the focus and the 
gaps in previous and current research. As expected, 
SDG-13 Climate action stands out with the highest cover-
age at 91%, underscoring that climate-related concerns are 
the primary focus of sunshade literature. SDG-09 Industry, 
innovation, and infrastructure follows wi th 66% coverage, 
reflecting significant attention to the industrial and infras-
tructure challenges essential for the implementation of a 
large-scale geoengineering. This is due to the high mentions
of the required industry, whether located in space, on
11
Earth, or both, in combination with the need for an appro-
priate launch infrastructure and necessa ry innovation, such 
as in the field of solar sail technology.

In terms of environmental and socioeconomic impacts, 
the SDG-15 Life on land receives moderate attention at 
50%, indicating some recognition of the effects on terres-
trial ecosystems. Similarly, SDG-08 Decent work and eco-
nomic growth and SDG-03 Good health and well-being are 
given moderate coverage, both at 36%. Although these 
areas are acknowledged, they may not be explored as thor-
oughly as the technological aspects.

SDG-17 Partnerships for the goals and SDG-10 Reduced 
inequalities each show 34% coverage, suggesting a recogni-
tion of the importance of global collaboration and equity. 
However, the moderate focus on t hese goals indicates that 
considerations of how the sunshade ecosystem and its effects 
can be implemented globally are underdeveloped.

Significant gaps are evident in broader socioeconomic 
and environmental considerations. SDGs related to marine 
ecosystems, energy, and water, such as SDG-14 Life below 
water, SDG-07 Affordable and clean energy, and SDG-06 
Clean water and sanitation, show low coverage, ranging 
from 27% to 32%. More concerning is the minimal atten-
tion given to issues such as hunger and poverty, with 
SDG-02 Zero hunger, SDG-05 Gender equality, SDG-01 
No poverty, and SDG-04 Quality education showing cov-
erage as low as 0% to 7%. These are critical research gaps, 
particularly in assessing the potential impacts on vulnera-
ble populations, such as the Global South. For example, 
a sunshade’s influence on global food production and dis-
tribution must be examined, translating into research gaps
on how a sustainable geoengineering world would operate.

Given the introduction of the SDGs in 2016, it was 
expected that coverage would increase in line with the 
increasing global focus on susta inability. However, the
data in Fig. 4 do not show a corresponding increase in cov-
erage, which is an unexpected result. The analysis suggests 
that addressing gaps, particularly those concerning broader 
socioeconomic and environm ental implications, is crucial 
to improving the recognition and integration of the concept
into global environmental strategies.

The SDGs provide a useful framework for identifying 
critical gaps, and it appears feasible to turn the results into 
a focused research agenda. However, the space segment, 
particularly the space sustainability aspect, is not reflected 
in the SDGs. Hen ce, we will move on to what is currently 
used among the European space industry to assess the en vi-
ronmental impact of space systems, including aspects of the
space segment.
5.2. European Space Agency Environmental Impact 
Indicator s for space systems

The European Space Agency Environmental Impact 
Indicators (ESA EIIs, EIIs) for space systems (see Table 7) 
were selected due to their specialized, rather technical focus
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Table 7 
List of 16 ESA Environmental Impact Indicators for space systems, adapted (ESA, 2016). 

Nr. Title Definition 

EII-01 Global warming potential Indicates the level of RF due to GHG emissions (100 y).
EII-02 Ozone depletion potential Stratospheric ozone depletion due to the emission of ozone-depleting substance s.
EII-03 Human toxicity potential Effect of emission of toxic substances on humans.
EII-04 Fossil resource depletion potential Decreasing availability of natural resources (including energy resources) such as iron 

ore, crude oil regarded as non-living.
EII-05 Photochemical ozone formation potential Tropospheric ozone formation due to action of solar light on primary pollutants, e.g., 

volatile organic compound.
EII-06 Freshwater eutrophication potential Impacts of macro-nutrients nitrogen and phosphorus leading, mainly, to oxygen 

depletion because of dead algae degradation. Phosphorus is the limiting nutrient in 
aquatic ecosystems whereas nitrogen is the limiting nutrient in marine ecosystem.

EII-07 Marine eutrophication potential Equals 6. 
EII-08 Ionizing radiation potential Effect on humans due to the emission of radioactive substances.
EII-09 Freshwater ecotoxicity potential Effect of emission of toxic substances on freshwater ecosystem (fauna and flora).
EII-10 Marine aquatic ecotoxicity potential Effect of emission of toxic substance s on marine ecosystem.
EII-11 Air acidification potential Accumulation of acidifying substances in the water particles in suspension in the 

atmosphere. Than acid rains modify the acid/base equilibrium of soil, groundwater,
surface waters, fauna, etc.

EII-12 Primary energy consumption potential Consumption of energetic resources (fossil, nuclear, biomass), expressed in MJ of 
primary energy.

EII-13 Gross water consumption potential Water withdrawals due to industrial processes in lakes, rivers, oceans, and groundwater.
EII-14 Mass disposed in the ocean Total mass of stages disposed in the ocean.
EII-15 AL2O3 emissions in air Emissions in air of Aluminium oxide during launch event.
EII-16 Mass left in space Total mass of space hardware remaining in orbit at the end of the mission.
on assessing the broad range of environmental sustainabil-
ity impacts associated with space systems (ESA, 2016). 
Unlike general environmental frameworks, ESA EIIs 
address the unique challenges of space missions, such as 
the generation of space debris and the environmental 
impact of rocket launches. The indicators align with an 
ecodesign approach, aiming to minimize environmental 
impacts throughout the lifecycle of space systems. They 
cover a wide range of environmental concerns, including 
human toxicity, ozone depletion, and ecosystem effects. 
Given the scale of sunshade deployment, the importance
of evaluating each EII becomes evident.

Introduced by ESA in 2016, these indicators provide 
guidelines for the European space sector. Since ESA is an 
established space agency that adheres to international stan-
dards and operates globally, the indicators are very well 
applicable to global space operations. Hence, by using 
ESA’s EIIs, this study investigates if the sunshade literature 
applies to both European and global environmental stan-
dards in a space context.

Fig. 3 shows the cumulated coverage of the ESA EIIs 
within the case study literature. Similarly, Fig. 4 shows 
the evolution of the coverage of the ESA EIIs over time 
(in blue). Both figures visualize the data of Table 8. For 
both charts, a maximum coverage of 100% can be reached 
per ESA EII or publication, resulting from detailed cover-
age. However, an average cumulated coverage of 15% was 
achieved, representing the average for both graphs.

It is important to note that while the EII handb ook
(ESA, 2016) provides specific assessment units, the criteria 
coverage has been assigned based on their definition
12
provided in Table 7. This approach was necessary to 
include statements that clearly contribute to the c oncept 
of an EII, even when specific units were not referenced.

In the following, three statements from the literature 
that have been assigned to a specific ESA EII are provided
as an example:

EII-01 Global warming potential: 

Parameters related to space sunshade technology include the 
[ ]  CO2 emission coe fficient of placing a unit mass of sun-
shades [ ] in space (Kosugi, 201 0). 

EII-12 Primary energy consumption: 

How much energy will be required to bring mirrors of the 
necessary size to the point L1? If we assume that they con-
sist of aluminium of mass 10 g m−2 , at least 45 million ton-
nes of material wi ll have to be brought to L1. We estimate 
that the energy required to do this is equivalent to the output
of 30 nuclear power stations producing 1 GW for 20 years
(Seifritz, 1989). 

EII-16 Mass left in space: 

Once there, they remain on station for many decades until 
they wear out and are then plunged into the Sun, or are sent 
elsewhere to serve other purposes (Roy, 2022). 

The EII-03 Human toxicity potential has the highest 
coverage at 34%, but it is important to recognize that this 
still represents a modest portion of the total possible cover-
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Table 8 
ESA EII coverage of sunshade concepts and related literature from 1989–2025. Metric: ‘‘++” – detailed coverage; ‘‘+” – low to medium coverage; ‘‘-” – no coverage. The met hodology is detailed in
Section 3. 

Author, year / ESA EII EII-01 Global 
warming 
potential 

EII-02 Ozone 
depletion 
potential 

EII-03 Human 
toxicity 
potential 

EII-04 Fossil 
resource depletion 

potential 

EII-05 Photochemical 
ozone formation 

potential 

EII-06 Freshwater 
eutrophication 

potential 

EII-07 Marine 
eutrophication 

potential 

EII-08 Ionizing 
radiation 
potential 

ec 
EII-09 Freshwater 
otoxicity potential 

E 
e 
II-10 Marine aquatic 
cotoxicity potential 

EII-11 Air 
acidification 
potential 

E 
c 
II-12 Primary energy 
onsumption potential 

EII-13 Gross water 
consumption 
potential

EII-14 Mass 
disposed in the 

ocean 
e

EII-15 AL2O3 

missions in the 
air 

E

l

II-16 Mass 
eft in space 
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Fig. 3. Cumulated coverage of all 16 ESA space system EIIs in the 
selected literature. Here, cumulated coverage represents the extent to 
which an ESA EII is discussed within all publications. Note that while the 
maximum possible coverage is 100%, the x-axis limit is set to 40%. The
underlying data set is provided in Table 8. 
age. This suggests that many aspects of human toxicity 
related to sunshad e deployment remain unexplored in the
literature.

Both EII-16 Mass left in space and EII-02 Ozone deple-
tion potential are covered at 30%. This indicates some 
awareness in the literatu re about potential space debris 
generation and the degradat ion of the Earth’s stratospheric
Fig. 4. Cumulated coverage of UN SDGs (in orange) and ESA space system E
the extent to which the UN SDGs and ESA space system EIIs are discussed wit
is 100% each, the y-axis limit is set to 60%. The underlying data set is provide
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ozone layer due to emissions of ozone-depleting 
substances. However, considerations of space debris gener-
ation in the sunshade literature are far below the maxi-
mum, which is surprising given the vast amount of mass 
would be launched into space. It is of great interest to 
understand how much of this mass would remain, for 
example, in Earth orbits and at SEL1, a nd whether this 
mass could be recovered and eventually incorporated into 
a circular space economy (CSE) to avoid debris generation. 
Unfortunately, the limited coverage of this topic is con-
trary to current efforts focused on minimizing space debris
and ensuring long-term space sustainability.

Indicators related to terrestrial ecosystems, such as EII-
11 Air acidification potential and EII-10 Marine aquatic 
ecotoxicity potential, show 27% coverage. This suggests 
that while the literature acknowledges these environmental 
impacts, the current level of coverage is inadequate for a 
comprehensive assessment . The potential for air acidifica-
tion and harm to marine ecosystems, which are crucial con-
siderations for any large-scale geoengineering effort, needs
to be investigated more thoroughly.

The EII-01 Global warming potential, despite being 
directly relevant to the primary objective of sunshades, 
has only 16% coverage. This is particularly concerning, as 
it highlights a significant research gap in understanding 
how sunshades might influence global warming through 
their production and deployment to space. Beyond the sun-
shades themselves, it is crucial to consider the production 
of launch and space transportation vehicles as well as fuel 
production; just a few examples of this entirely new poten-
tial industry. As mentioned earlier, some authors advocate 
for outsourcing this industry to space to reduce the global 
warming potential. However, since climate change prolifer-
ates, it may be necessary to begin sunshade development
and production on Earth now, and then gradually shift
IIs (in blue) in the selected literature. Here, cumulated coverage represents 
hin a specific publication. Note that while the maximum possible coverage 
d in Table 6 and Table 8.
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towards space as the needed technology becomes available 
on a larger scale. Although the construction of sunshades 
in space using space resources seems like a favorable idea, 
the environmental impact of launching the required infras-
tructure is essential. Hence, the global warming potential 
needs to be assessed for different approaches to enable 
informed decision making. Simi larly, the EII-04 Fossil 
resource depletion potential is covered only at 14%, high-
lighting an underestimation of the extensive resource con-
sumption on Earth and in space that would be necessary
for the production and deployment.

The coverage of indicators related to freshwater ecosys-
tems, such as EII-06 Freshwater eutrophication potential, 
EII-13 Gross water consumption potential, and EII-09 
Freshwater ecotoxicity potential is negligible, with some 
indicators showing 0% coverage. This is alarming, espe-
cially considering that fres hwater ecosystems could be sig-
nificantly impacted.

The EIIs provide a comprehensive framework and will 
become an appropriate tool for assessing the environmen-
tal impacts of sunshades once the literature has matured. 
For now, they primarily serve the important role of identi-
fying research gaps. In particular, there has been no signif-
icant increase in coverage over time; see Fig. 4. Given these 
gaps, particularly in areas directly related to the objectives 
of sunshades, such as the global warming potential, 
resource deplet ion, and various ecotoxicity potentials, 
there is a pressing need to deepen research on these topics.

The content analysis of the coverage of ESA space sys-
tem EIIs provides important insights. However, the EIIs do 
not fully address the unique challenges of geoengineering 
and in particular space-based sunshades. This represents 
the lack of frameworks specifically designed to evaluate 
the state of the art, covering the whole bandwidth of social, 
technical, geoengineering, and sunshade-specific perspec-
tives. Hence, the need for a tailored developm ent frame-
work arises, which is proposed in the next section.

6. Sunshade Devel opment Criteria 

Informed by the extensive survey and study presented in 
previous sections, a set of 18 SDC was developed. Being the 
first comprehensive framework specifically for sunshade 
development, it offers a structured foundation for their 
development, evaluation, comparison, and maturation. 
This framework not only incorporates sustainability con-
siderations but also acts as a design guide for the required 
ecosyst em around the sunshade itself. It serves as a tool to 
identify gaps in current approaches and aims to facilitate 
discussions among different stakeholders ranging from
engineers and researchers to policymakers in space systems,
climate engineering, and sustainability governance.

Summarized in Table 9, the SDC aim to reflect the 
broad and far-reaching impacts of sunshade deployment 
on Earth and in space, capturing both the opportunities
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and the challenges. It intentionally offers a more balanced 
view by considering not only technical aspects but also 
social, environmental, economic, ethical, geopolitical, and 
scientific factors. Although the authors do not claim the 
SDC to be exhaustive, they do provide, for the first time, 
a structured approach to the sustainable and holistic devel-
opment and evaluation of sunshades and their associated
ecosystems.

6.1. Criteria definition 

6.1.1. SDC-01: Radiative forci ng potent ial
Lenton and Vaughan (2009) investigated the RF poten-

tial of 19 SRM and carbon dioxide removal (CDR) 
approaches, including sunshades. While they refer to ‘‘cli-
mate cooling effectiveness” (Lenton and Vaughan, 2009), 
the IPCC defines the RF potential as ‘‘change in net irradi-
ance at the tropopause, after allowi ng stratospheric tem-
peratures to readjust to radiative equilibrium” (IPCC, 
2015). 

However, spatio-temporal SRM is needed to achieve 
global uniform cooling (Sánchez and M cInnes, 2015; 
Belaia et al., 2021). This type of control enables possible 
benefits, such as maximization of global welfare with 
respect to mitigation and adaptation only scenarios, preser-
vation of biodiversity, prevention of CTPs, and pursuit of 
SDGs such as reduction of global inequalities (Belaia et al., 
2021). Even redistribution of the risk of malaria in develop-
ing countries is envisaged (Carlson et al., 2022). In addition 
to the positive aspects mentioned, misuse of this very pow-
erful technology is possible and would have unpr ecedented
negative consequences.

It should be noted that a reduction in RF through SRM 
causes spatial and spectral patterns different from those of 
GHGs. This means that SRM methods, even when scaled 
to offset net global RF contributions through GHGs, can-
not fully reverse the effects of GHGs on climate (Belaia 
et al., 2021), besides the simple fact that no SRM method 
removes any GHG from our atmosphere. However, sun-
shades have the advantage of being able to block certain 
infrared wavelengths, as opposed to scattering all of them 
like terrestrial SRM, allowing for significantly less pertur-
bation of the global hydrological cycle while providing
the same RF (Keith et al., 2020). 

Using RF potential for defining a single concept’s ability 
or comparison of different approaches avoids misinterpre-
tations, as literature often proposes reductions in GMT 
based on different modeling and calculati on methods,
e.g., IPSS (Fix, 2021) and RSS literature (Fuglesang an d 
De Herreros Miciano, 2021), while RF potential is a trans-
parent criterion about a concept’s capability. Hence, in this 
work the RF potential refers to the ability to generate 
scaleable spatio-temporal RF to achieve a global uniform 
cooling effect, while it is up to discussion whether a global
uniform cooling effect is the desired outcome.

move_t0045
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Table 9 
List of 18 Sunshade Development Criteria.

Nr. Title Definition 

SDC-01 Radiative forcing potential Ability to generate scaleable spatio-temporal RF to achieve a global uniform cooling effect
(Sánchez and McInnes, 2015; Belaia et al., 2021). 

SDC-02 Deployment time It is divided into two periods: The time required from (i) today to the start of deployment, e.g. 
including development time, and (ii) from there to full deployment.

SDC-03 Lifetime of effect Time until the effect no longer triggers measurable changes after partial and full deployment, 
taking into account heterogeneit y of decay rates.

SDC-04 Efficacy ‘‘Ability to effect surface temperature changes” (Lenton and Vaughan, 2009). 
SDC-05 Side effects Captures human, environmental, economic (including costs), and all other unintended 

consequences associated with the generation of spatio-temporal RF that differ from a uniform
distribution of cooling effect.

SDC-06 Controllability The system must allow for transparent control, including independent and open source 
monitoring, implementation of a transparent governance framework, continuous maintenance 
and replenishment, and low and assessable risk of failure. The aim is to ensure that the system is 
used solely for the benefit of humanity, making it a technical and social challenge.

SDC-07 Reversibility Ability to undo the effect and the understanding of how long the process takes, together with the 
social, political, technical, and economic consequences of such action (Shepherd, 2009). 

SDC-08 Technology readiness level Assessment of space technology maturity introduced by NASA in 1970s (Tzinis, 2021). 
SDC-09 IPCC mitigation scenarios and data Incorporation of the latest IPCC findings , particularly given pathways.
SDC-10 Integrated assessment Incorporation of the sunshade’s deployment impact, along with mitigation and adaptation 

measures, into regional and global climate change assessment models.
SDC-11 Sustainability ‘‘Meeting the needs of the present without compromising the ability of future generations to 

meet their own needs” (UNOOSA, 2021; UN, 2023), applied indefinitely both to Earth-base d 
and future space-based generations.

SDC-12 Ethics Ethical concerns, such as moral hazard, technical fix argument, slippery slope argument, 
unpredictabi lity argument, termination shock and concerns about enhanced weather control.
‘‘Technical, legal, ethical, economic and other concerns” that ‘‘need to be balanced carefully in a 
policy ( ) framework which is international in scope and remains flexible in light of fresh
evidence” (Shepherd, 2009). It must be applicable to ‘‘small-scale outdoor experiments, 
technology development, financing ( )[,] deployment” (UNEP, 2023), operations, and phase-
out. 

SDC-13 Governance 

SDC-14 Wording and framing ‘‘The way we describe things and the analogies we use have an influence on how facts are
perceived” (OHB SE, 2022). 

SDC-15 Public perception In a technology context, ‘‘all kinds of perceived benefits, barriers, or risks associated with a 
specific technology” (Arning et al., 2019). 

SDC-16 Energy justice ‘‘A global energy system that fairly disseminates both the benefits and costs of energy services, 
and one that has representative and impartial energy decision making” (Sovacool et al., 2017). 

SDC-17 Social acceptability ‘‘The outcome of a collective judgment or collective opinion of a project, plan or policy”
(Gouvernement du Québec , 2023). 

SDC-18 Social justice ‘‘The objective of creating a fair and equal society in which each individual matters, their rights 
are recognized and protected, and decisions are made in ways that are fair and honest” (Oxford 
Reference, 2023).
6.1.2. SDC-02: Deploymen t time 
The deployment time is a frequently mentioned crite-

rion. However, a detailed study is currently missing. It is 
an important factor to know because it heavily influences 
mitigat ion and adaptation strategies. Furthermore, the 
deployment time is influenced by technological readiness,
funding, regulations, and scalability.

In line with the work of Lenton and Vaugha n (2009); 
Vaughan and Lenton (2011) and the UN (UNEP, 2023), 
the deployment time is divided into two periods: The time 
required from (i) today to the start of deployment, e.g. 
including development time, and (ii) from there to full 
deployment. The first phase depends on research, testing, 
and policy decisions, while the second is driven by logistic 
and deployment challenges. A dynamic scenario-based 
asses sment is essential to account for technological and
geopolitical variability.
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6.1.3. SDC-03: Lifetime of effect 
The lifetime of effect for different geoengineering meth-

ods was assessed by Vaughan and Lenton (2011). In their 
previous work they intr oduced the effect decay rate
(Lenton and Vaughan, 2009), which can be seen as a sim-
ilar approach, but the lifetime of the effect add s valuable 
information about the progression of the effect’s decrease.

In line with their work, the lifetime of effect is given here 
as the time until the effect no longer triggers measurable 
changes after partial and full deployment, taking into 
account the heterogeneity of decay rates. In the case of sun-
shades, the lifetime of effect is also influenced by factors 
such as degradation from fast-traveling microparti cles,
micrometeoroites, radiation, and solar flares (see the depre-
ciation rate in Kosugi (2010)). This requires determining 
the replenishment rate and maintenance strategies needed 
to ensure the sunshade’s efficacy over time.
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6.1.4. SDC-04: Effi cacy 
Efficacy generally means reaching the desired goal. It 

must not be confused with efficiency, which means accom-
plishing something with minimal resources and effective-
ness, which is the ability to pro duce a desired result
(Enrique and Marta, 2020; Cunff, 2020). 

In the context of geoengineering, Belaia et al. (2021) 
defines that ‘‘efficacy captures the limited ability of 

[SG] to reduce aggregate climate damages due to the 
heterogeneity of clim ate response to SG” (SG means solar 
geoengineering, which equals SRM), while Lenton and 
Vaughan (2009) define it as the ‘‘ability to effect surface 
temperature changes” with respect to different geoengineer-
ing methods (Lenton and Vaughan, 2009; Sa ´nchez and 
McInnes, 2015; Belaia et al., 20 21). 

Efficacy is challenging to assess, but is highly relevant 
for decision making. While effectiveness is already covered 
by RF potential, and efficiency is part of the sustainability 
criterion, efficacy specifically addresses the ability of the 
sunshade to achieve its intended climate control outcomes. 
This is crucial for unde rstanding both its performance and 
the time it may take to observe these changes after the 
deployment. As Lenton and Vaugha n’s definition of effi-
cacy is more accessible, it has been adapted for this work.
6.1.5. SDC-05: Side effects 
Sunshades are very likely to cause unintended side 

effects (Lunt et al., 2008), and trade-offs must be made 
regarding non-geoengineering scenarios, the latter of which 
are likely to be more costly (Belaia et al., 2021; Deloitte, 
2022). In that context, Belaia et al. (2021) included side 
effects within impact criterion that ‘‘captures the human 
and environmental side eff ects and costs associated with 
producing the SG’s RF”.

Belaia et al. (2021) also assume that side effects increase 
with quadratic influence when SRM is used to fully offset 
anthropogenic climate change, resulting in the same dam-
age as climate change would cause. Therefore, investigating 
this criterion is of utmost importance.

The economic side effects, i.e., costs for sunshade devel-
opment, production, deployment, operations, mainte-
nance, and end-of-life strategies, should be expressed as a 
percentage of the gross world product per year. In addi-
tion, it is important to determine the economic benefits that 
sunshades might bring in relation to the cost of climate 
change to facilitate cost-benefit analysis. However, this 
work will not introduce a separate cost criterion, which is 
explained later in this Section. Instead, it will see costs as 
the economic part of the side effects criteri on (i.e., how
much of the yearly gross world product will be ‘‘con-
sumed” in the decades to come).

To summarize, the criterion side effects captures human, 
environmental, economic (including costs), and all other 
unintended consequences associated with the gen eration 
of spatio-temporal RF that differ from a unifor m distribu-
tion of cooling effect.
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6.1.6. SDC-06: Control lability 
The need for the ability to control a given geoengineer-

ing method after deployment is often mentioned as a key 
capability among the literature (Vaughan and Lenton, 
2011; Sánchez and McInnes, 2015; Fuglesang and De
Herreros Miciano, 2021; Bromley et al., 2023). However, 
there is more to it than ‘‘just ” implementing spatio-
tempor al RF.

The design of a sunshade system must allow for trans-
parent control, including independent and open source 
monitoring of all activities, implementation of a trans-
parent governance framework, continuous maintenance 
and replenishment, and low and assessable risk of failure. 
The aim is to ensure that the system is used solely for 
the benefit of humanity, making it a technical and social
challenge.
6.1.7. SDC-07: Reve rsibility 
In their reports, bot h Shepherd (2009) and OHB Sy stem 

AG (2020) came to the conclusion that a more detailed 
assessment is needed, which led the former to propose a 
set of criteria that future geoengineering proposals should 
address, with the goal of greater comparability. Those cri-
teria include reversibility, which can be underst ood as the 
ability to undo the effect and the understanding of how 
long the process takes, together with the social, political,
technical and economic consequences of such action
(Shepherd, 2009). Especially in the context of space-based 
geoengineering, no system should be implemented without 
knowing how it can be revers ed and how long it will take – 
hence, revers ibility is added to the SDC.
6.1.8. SDC-08: Technology readin ess level 
The technology readiness level (TRL) methodology was 

introduced by NASA in the 1970s and is used to assess the 
maturity of space technology (Tzinis, 2021). However, 
most likely due to the conceptual nature of the sunshade 
literature, TRL methodology is rarely applied. Only 
IPSS-related publications (Fix, 2021; Mahesw aran, 2021; 
Maheswaran and Fix, 2021; Maheswaran et al., 2022), 
Fuglesang and De Herreros Miciano (2021), and Borgue 
and Hein (2023) apply the TRL methodology to a different 
extent.

Borgue and Hein (2023) additionally use the advance-
ment degree of difficulty (AD2 ) methodology, which is used 
to assess the risk of developing new technologies and 
address es the limitations of TRL, as the latter does not 
address the difficulty of reaching a higher level (Bilbro, 
2008). 

It is suggested that at least the TRL standard will be 
adapted by future sunshade-focused publications to allow 
for comparative studies but also to provide information 
on the current state of the art, allowing research gaps to 
be addressed and, e.g., informed decision making on
resource allocation.
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6.1.9. SDC-09: IPCC mitigation scenar ios and data
The IPCC assessment reports, such as the latest AR6 

(IPCC, 2023), represent the most comprehensive work on 
climate change and the global scientific consensus. There-
fore, it is of utmost importance that future work incorpo-
rates those findings, particularly the given pathways. This 
would increa se the scientific relevance of any sunshade con-
cept and generally enhance the credibility of the field, while
allowing for evidence-based assessment.

6.1.10. SDC-10: Integrated assessment 
As stated in Sectio n 1, the deployment of sunshades, if 

considered necessary, must only be implemented as a sup-
plement to a strong mitigation and adaptation scenario. 
This highlights the need for any geoengineering concept 
to be evaluated in the same integrated manner to ensure 
comparability and informed decision making. Further-
more, it is likely that several geoengineering methods will 
be implemented at the same time, and this possibility
should also be reflected in the assessments.

Wigley (2006) proposed a combined mitigation and geo-
engineering (SAI method) strategy to address the increase 
in ocean acidity in an SAI-only scenario. Kosugi (2010) 
evaluates sunshades from a cost-effectiveness point of view, 
in combination with CO2 mitigation efforts. Belaia et al. 
(2021) went further and published an integrated assessment 
model that incorporates SG, CDR, and mitigation into an 
assessment model to analyze trade-offs, but did not include
adaptation.

It should be built upon these modeling efforts to enable 
informed decision making. Hence, the integrated assess-
ment criterion refers to the incorporation of the sunshade’s 
deployment impact, along with mitigation and adaptation 
measures, into regional and global climate change assess-
ment models.
6.1.11. SDC-11: Sus tainability 
Sustainability is a fundamental criterion that addresses 

both Earth- and space-related contexts. In 1987, the UN 
Brundtland Commission defined sustainability as ‘‘meeting 
the needs of the present without compromising the ability 
of future generations to meet their own needs” (UN, 
2023). This concept is typically built on three pillars: envi-
ronmental, social, and economic.

In the space context, the Guidelines for the Long-term 
Sustainability of Outer Space Activities, adopted by the 
UN Office for Outer Space Affairs (UNOOSA) in 2019, 
extend this definition. According to UNOOSA, the long-
term sustainability of space activities is ‘‘the ability to 
maintain the conduct of space activities indefinitely into 
the future in a manner that realizes the objectives of equi-
table access to the benefits of the exploration and use of 
outer space for peaceful purposes, in order to meet the
needs of the present generations while preserving the outer
space environment for future generations” (UNOOSA, 
2021). 
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As noted in Centers et al. (2020), the deployment of sun-
shades raises important sustainability challenges in space, 
necessitating the integration of sustainability principles 
(e.g., ecodesign) from the early design stages. One way to 
achieve this may be through the implementation of a 
CSE, moving away from the linear ”make, take, waste” 
approach, to reduce the need for and frequency of launches
from Earth (Bahlmann et al., 2024). In that way, resource 
efficiency would be maximized and end-of-life scenarios for 
all related assets would be avoided. In this context, a shift 
in mindset is proposed, replacing the concept of end-of-life 
with end-of-use, giving every resource a new afte rlife by 
design. Furthermore, utilizing in situ resources could con-
tribute to these goals, though it remains to be seen whether
such resource use can be achieved in a truly sustainable
manner.

Although sunshades are designed to mitigate climate 
change and contribute to sustainability on Earth, they also 
have the potential to compromise space sustainability, a 
concept known as the space sustainability paradox
(Wilson and Vasile, 2023). This paradox reflects the tension 
between the use of space-based technologies to promote 
sustainability on Earth while potentially polluting and 
harming the space environment. Key issues to consider 
include orbital debris and occupation, light pollution, 
and maint aining the ability for future space traffic and
travel.

In this work, sustainability is understood in the context 
of the 1987 UN definition and the 2019 UNOOSA exten-
sion for space, applied to both Earth-bound and future 
space-based generations. It reflects the importance of 
ensuring that space activities, including sunshades, do 
not compromise the long-term sustainability of space 
environments while contributing to the protection of
Earth.
6.1.12. SDC-12: Ethics 
Like global warming, geoengineering presents unprece-

dented challenges and concerns that need to be addressed
(Diffenbaugh and Burke, 2019; Roeser et al., 2020). The 
ethics criterion is often mentioned in the literature, to vary-
ing degrees (Keith, 2000; Roy, 2001; Shepherd, 2009; 
Kennedy et al., 2013; Corner et al., 2013; OHB System
AG, 2020; Roeser et al., 2020; Roy, 2022; UNEP, 2023). 
It covers all ethical concerns related to geoengineering, 
such as moral hazard, technical fix argument, slippery 
slope argument, unpredictability argume nt, termination 
shock, and concerns about enhanced weather co ntrol,
which will be briefly explained:

Moral hazard comes into play if the sunshade system 
works as expected, given concerns it could prolong mitiga-
tion and adaptation efforts and that the discussion about 
the implementation of such technology already shifts finan-
cial, political and intellectual resources from these efforts
(Robock et al., 2008; Roy, 2022; Immega, 2022; PSF,
2023; UNEP, 2023).
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The unpredictability argument translates into ‘‘we just do 
not knowenough”, which is very likely the case, as sunshades 
would interfere with a highly complex system. There is an 
urgent call for more research funding and more nations 
and institutions to get involved, especially the ones from 
the global south, whowill likely suffer themost both fromcli-
mate change and geoengineering. Critics mention that the 
effects on the environment, ecosystems, and societies are 
widely unknown anddifficult tomodel.Unintended and irre-
versible consequences could be the outcome or the system
does not have the desired effect (Keith, 2000; UNEP, 2023). 

The slippery slope argument states that humanity will 
never stop using and advancing on geoengineering to suit 
the global environment needs, once implemented. This 
could already begin with small outdoor experiments that 
lead to large -scale deployment. Especially if several 
nations, institutions, or companies carry out deployments 
at the same time, it poses the risk of conflict and even
war (UNEP, 2023). The literature states that, while exper-
imental validation is required, the scale and duration of 
these experiments would likely need to be similar to the 
actual deployment to obtain reliable data on the impacts 
on the climate system (not only weather) (MacMynowski 
et al., 2011). This means that clarity about the global 
impacts of geoengineering deployment can only be 
achieved by a deployment decision (MacMartin and 
Kravitz, 2016). Moreover, since proponents view geoengi-
neering as a precursor to terraforming other planets to 
make humanity a multi-planetary species, the slippery 
slope argument takes on another dimension.

The technical fix argument criticizes that, with geoengi-
neering, a new technology would be added to counter the 
side effects of fossil fuel combustion instead of addressing 
the cause of the problem. Furthermore, geoen gineering is
not a long-term solution.

The termination shock problem states that geoengineer-
ing as a technical solution to combat climate change should 
not be turned off immediately, even if it does not work as 
expected. A sudden stop, due to geopolitical instabilities, 
manipulation, a technical or simply human error would 
result in a rapid temperature increase causing devastating 
ecological consequences, often referred to as one of the big-
gest risks of geoengineering (Kosugi, 2010; Par ker and 
Irvine, 2018; UNEP, 2023). 

Sunshades need to be able to impact both weather and cli-
mate (Roy, 2001), where weather refers to local, short-term 
conditions, and climate to long-term weather patterns in a 
specific region. This is necessary because the literature sug-
gests that a global, uniform decrease in RF does not result 
in a globally uniform cooling effect (MacMartin et al., 
2013; Sánchez and McInnes, 2015; Kravitz et al., 2016; Dai
et al., 2018; Belaia et al., 2 021). This discrepancy arises due 
to factors such as different climate seasons in the northern 
and southern hemispheres, the curvature of the Earth, and 
the fact that changes in the atmosphere, and cloud or surface 
albedo do not resul t in equivalent changes in planetary
albedo (Lenton andVaughan, 2009). As a result, no geoengi-
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neering method should be applied uniformly. Furthermore, 
the effects of uniformly applied SRM could counteract the 
intended objectives (Dai et al., 2018). 

While any SRM method needs to be able to adapt to 
natural events that alter the Earth’s RF balance, such as 
volcano eruptions or extreme weather events, and to coun-
terbalance negative side effects of the method itself, it 
becomes evident that a deep understanding of weather con-
trol rather than ‘‘only” climate control is required for a
successful implementation of SRM (Ellery, 2016; Kravitz 
et al., 20 16). Since the underlying principle of SRM meth-
ods is the same, it also applies to sunshades (Sánchez an d 
McInnes, 2015). 

Therefore, it is very likely that this technology will need 
to be not only very well understood but also very precisely 
executed, resulting in controlled local chan ges on a regular
basis (MacMartin et al., 2013; Sánc hez and McInnes, 2015;
MacMartin et al., 2016). This would be a very powerful tool 
that raises concerns about which set of design choices will 
allow simultaneous control of all variables in all regions
(Kravitz et al., 2016). Subsequently, it opens the door to 
potential weaponization (Baum et al., 2022). Based on 
human history, it can be seriously questioned whether 
humanity is mature enough to use this technology for the 
benefit of all, if even possible.
6.1.13. SDC-13: Gove rnance 
Governance issues are of central concern and are often 

mentioned in the literature (Shepherd, 2009; Centers 
et al., 2020; Baum et al., 2022), yet no consensus has 
emerged. However, the UN sees itself in a position to host 
an inclusive panel on governance questions (UNEP, 2023). 

In addition, Belaia et al. (2021) note the importance of 
governance as they predict the implementation of geoengi-
neering to be likely beneficial, when carried out through a 
benevolent decision-making process. One of the pathways 
predicts an increase in global welfare compared to 
mitigation-adaptation scenarios, while the costs associated 
with climate change decrease by about 43% with limited 
deployment and mid term phase-out of SRM. It makes 
the case that good governance has the potential to posi-
tively impact the success of geoengineering (Belaia et al., 
2021). 

Hence, governance refers to ‘‘technical, legal, ethical, 
economic and other concerns” that ‘‘need to be balanced 
carefully in a policy ( ) framewor k which is international 
in scope and remains flexible in light of fresh evidence”
(Shepherd, 2009). It must be applicable to ‘‘small-scale out-
door experiments, technology developm ent, financing ( ) 
[,] deployment” (UNEP, 2023), operations, and phase-out. 

6.1.14. SDC-14: Wording an d framing 
In social and communication science, wording and 

framing refer to ‘‘the way we describe things and the an alo-
gies we use have an influence on how facts are perceived”
(OHB SE, 2022). It is a very powerful tool, but in the
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geoengineering context it is rarely studied, with Keith 
(2000); Corner et al. (2013); OHB SE (2022) providing 
excepti ons. 

Although sunshades are often described in technical 
terms, such as ‘‘occulting disks” (Sánchez and McIn nes, 
2015; Borgue and Hein, 2023), there may be more effective 
terminology to improve social accepta bility and public per-
ception. As demonstrated in PSF and FSC (2023), careful 
framing and language can play a crucial role in fostering 
broader public support, which in turn could help secure 
more research funding. Nebling stated in OHB SE (2022) 
that ‘‘a study showed that people are more positive about 
the removal of carbon dioxide from the atmosphere by 
technical means if you describe the method as a kind of 
artificial tree, i.e. use an analogy from nature, than if you
try to explain the required machines in more detail.”

This raises the question of whether ‘‘geoengineering” 
itself is an appropri ate term, a point pa rtially addressed
by Keith (2000). The terminology used in this field can sig-
nificantly influence public engagement, making it essential 
to evaluate how concepts are framed. To ensure that these 
aspects are properly considered, the wording and framing 
criterion has been included as part of the SDC framework, 
emphasizing the importance of clear and effective c ommu-
nication in advancing research and public discourse.
6.1.15. SDC-15: Pub lic perception 
Public perception serves as a foundational element in 

achieving social acceptability (SDC-17), as it directly influ-
ences policy decisions and industry responses to new tech-
nologies. In the context of geoengineering, public 
perception can be defined as ‘‘all kinds of perceived bene-
fits, ba rriers, or risks associated with a specific technology”
(Arning et al., 2019). Understanding public perception is 
crucial for guiding both the acceptance and the deployment 
of technologies such as sunshades.

Despite its importance, public perception is rarely 
explored in the geoengineering literature. Some notable 
studies include Arning et al. (2019) and Corner et al. 
(2013), and a recent contribution by Baum et al. (2024). 
Furthermore, (Baum et al., 202 2) conducted an expert per-
ception study focused on space-based geoen gineering, and
Sovacool et al. (2022, 2023) investigated expert opinions 
on various geoengineering strategies, including sunshades.

Given the critical role of public perception in influencing 
a potential sunshade deployment, this criterion was incor-
porated into the SDC framework to address the existing 
research gap and to emphasize the need for more focused
studies in this area.
6.1.16. SDC-16: Ene rgy justice 
The importance of energy justice is diverse. First, like 

any SRM method, a sunshade would result in unequal glo-
bal solar radiation reduction and will subsequently affect 
the Earth-bound solar energy sector. Second, the need to 
trans ition to low carbon energy production is inevitable
20
(McCauley et al., 2019; Van Bommel and Höffken, 2021), 
and some sunshade concepts propose the incorporation 
of SBSP capabilities, as mentioned in Section 2. 

Additionally, regions on Earth will have to be deter-
mined where severe weather events are more acceptable 
and regions that have to be specifically protected, e.g., 
the one s containing critical energy infrastructure such as 
nuclear power plants, but also wind and solar energy farms
and the electrical grid itself.

Sunshades positioned at SEL1 could have a significant 
impact on SBSP systems in geostationary orbit, as well as 
on solar arrays of satellites in Earth orbit, by reducing 
the amount of solar radiation reaching them. This reduc-
tion could lower the efficiency of these solar energy sys-
tems, which are critical for both space-based operations 
and Earth-bound energy needs, raising concerns about 
the broader implications for the global transition to low-
carbon energy production.

Different energy justice frameworks have been intro-
duced (Sovacool and Dworkin, 2015; Mc Cauley et al.,
2019), but in this work it is referred to ‘‘as a global energy 
system that fairly disseminates both the benefits and co sts 
of energy services, and one that has representative and 
impartial energy decision making” (Sovacool et al., 2017). 
6.1.17. SDC-17: Social acceptability 
The Royal Society report highlights the importance of 

public acceptability as a critical criterion for assessing geo-
engineering projects (Shepherd, 2009). In this study, the 
term social acceptability is used, which is more commonly 
recognized in social sciences. Social acceptability cannot be 
quantified, but can be described as ‘‘the outcome of a col-
lective judgment or collective opinion of a project, plan or 
policy” with pillars such as ‘‘participation in decision-
making, trust in the promoters and institutions” and ‘‘real
or perceived risks” (Gouvernement du Québec , 2023). 

Achieving social acceptability for geoengineering initia-
tives is essential, especially given the potential scale and 
impact of sunshades. By fostering trust, ensuring trans-
parency, and involving the public in decision-making pro-
cesses, the likelihood of securing social acceptability for 
geoengineering methods increases. Hence, this criterion 
was added to the evaluation framework to address the com-
plex social dynamics involved in these large-scale
interventions.
6.1.18. SDC-18: Social justice 
Social justice covers how risks and benefits are shared in 

different groups and can be defined as the ‘‘objective of cre-
ating a fair and equal society in which each individual mat-
ters, their rights are recognized and protected, and 
decisions are made in ways that are fair and honest”
(Oxford Reference, 2023). As climate change and geoengi-
neering will influence regions and communities differently, 
social justice must be a priority during all phases of the
program to reduce global inequalities.
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Table 10 
Classification of the SDC into social and technical criteria.

Criteria dimension 

Nr. Title Technical Social 

SDC-01 Radiative forcing potential 
SDC-02 Deployment time 
SDC-03 Lifetime of effect 
SDC-04 Efficacy 
SDC-05 Side effects 
SDC-06 Controllability 
SDC-07 Reversibility 
SDC-08 Technology readiness level 
SDC-09 IPCC mitig. scen. and data 
SDC-10 Integrated assessment 
SDC-11 Sustainability 
SDC-12 Ethics 
SDC-13 Governance 
SDC-14 Wording and framing 
SDC-15 Public perception 
SDC-16 Energy j ustice 
SDC-17 Social acceptabilit y 
SDC-18 Social justice 
6.2. Exclusion of a cost crit erion

As discussed, this work proposes cost as the economic 
part of side effects. Although low-cost geoengineering 
options are likely to increase the number of countries that 
would contribute to geoengineering efforts (Belaia et al., 
2021), it should not be the highest priority, as it would 
likely lead to early resource allocation towards the most 
inexpensive methods – or those that claim to be. The 
deployment of the cheapest methods is likely associated 
with the acceptance of increased side effects resulting in 
an equally increased global inequality, which is reflected
in the current bias towards SAI (Shepherd, 2009; UNEP, 
2023; PSF, 2023). 

Hence, a cost-focused debate could lead to the exclusion 
of more environm entally friendly solutions such as sun-
shades (Keith et al., 2020; UNEP, 2023), of which the 
deployment costs could likely be reduced to a more eco-
nomical level if research efforts were shared equally. Fur-
thermore, current cost estimates could have huge margin 
errors, which likely adds to a distorted evaluation of differ-
ent methods. Instead, we should ask ourselves if a new way 
of assessment is appropriate, as the general pursuit of low
costs and high profits brought us in today’s situation.

In addition to these considerations, it is assumed that 
costs will be a minor issue when decision makers and resi-
dents of developed countries realize what lies ahead. That 
is, because an estimated annual spending of only 2% gross 
world product is required to implement geoengineering 
(SRM and CDR) to compensate for anthropogenic climate 
change. That equals the North Atlantic Treaty Organiza-
tion contribution target, while the cost of climate change
will be multiple times higher, as previously mentioned.
6.3. Criteria classificat ion 

Table 10 categorizes the SDC into technical and social 
dimensions, following the approach of the Royal Society
(Shepherd, 200 9). The classification highlights the distribu-
tion of the criteria across these two domains , illustrating 
their overlap and distinct characteristics.

The table demonstrates that the SDC set is relatively 
balanced, with multiple criteria strongly associated with 
both technical and social aspects. Specifically, 10 criteria 
fall within both dimensions, highlighting the interdisci-
plinary nature of sunshade development considerations, 
while four criteria a re classified as technical and four as 
social. For instance, SDC-08 Technology readiness level 
is exclusively technical, whereas SDC-18 Social justice is
purely social.

The SDC intentionally put a strong focus on sustainabil-
ity. While SDC-11 Sustainability specifically addresses 
space and Earth-based sustainability issues and is listed 
as a distinct criterion, sustainabil ity considerations are 
included throughout the framework. For example, SDC-
05 Side effects and SDC-07 Reversibility reflect environ-
21
mental sustainability by addressing unintended conse-
quences and the ability to undo interventions. Similarly, 
SDC-16 Energy justice and SDC-17 Social acceptability 
ensure that implementation aligns with ethical and societal 
sustainability. This integration makes the framework a 
comprehensive tool for evaluating the wide-ranging aspects 
of sunshade deployment in order to enable discussions 
among researchers and policymakers in sp ace systems, cli-
mate engineering, and sustainability governance.
7. Sunshade Development Criteria applied to sunshade 
literature

This section analyzes the SDC coverage within the case 
study literature. Fig. 5 provides a breakdown of the 
coverage of individual SDC, providing insight into which 
criteri a have been prioritized within the research commu-
nity. Fig. 6 highlights the cumulated coverage of SDC in 
different sunshade concepts and related literature from 
1989 to 2025, providing insi ghts into the progression of 
research focus. Both fig ures visualize the data provided
in Table 11, and as in the previous analysis, a maximum 
cumulative coverage of 100% can be reached. This 
analysis enables the identification of gaps in the current 
literature and highlights areas where further research is 
needed to achieve a more balanced and comprehensive
understanding of sunshades.

The coverage of SDC in the case study literature reveals 
several important trends and gaps that require attention.
While Fig. 6 shows a general increase in coverage over 
time, two notable peaks emerge around 2009–2011 and 
2020–2025. These peaks suggest concentrated efforts during 
these periods to address a broader range of criteria. 
Although the field is maturing over time, moving beyond
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Table 11 
SDC coverage of sunshade concepts and related literature from 1989–2025. Metric: ‘‘++” – detailed coverage; ‘‘+” – low to medium coverage; ‘‘-” – no coverage. The metho dology is detailed in
Section 3. 

Author, year / ESA EII SDC-01 Radiative 
forcing potential 

SDC-02 
Deployment 

time 

SDC-03 
Lifetime of effect 

SDC-04 
Efficacy 

SDC-05 
Side effects 

SDC-06 
Controllability 

SDC-07 
Reversibility 

SDC-08 Technology 
readiness level 

SDC-09 IPCC mitig. 
scen. and data 

SDC-10 Integrated 
assessment 

SDC-11 
Sustainability 

SDC-12 
Ethics 

SDC-13 
Governance 

SDC-14 Wording 
and framing 

SDC-15 Public 
perception 

SDC-16 
Energy justice 

SDC-17 Social 
acceptability 

SDC-18 
Social justice 

unshade concepts S 
Seifritz, 1989 
Early, 1989 

McInnes, 2002 
Angel, 2006 

Kennedy et al., 2013 + + +  
Sánchez, McInnes, 2015 ++ ++ - ++ + ++ - - + - + - - - - + - -

Ellery, 2016 - - -

Fuglesang, Herreros, 2021 
Roy, 2022 ++ + + + ++ + + - + + ++ + + - - + - -

Borgue, Hein, 2023 
PSS contributors, 2020–2025I + ++ + - + + + ++ ++ + ++ + ++ - - + + -

Related literature 
Keith, 2000 + + - + ++ + + - + + - ++ + ++ + - - + 

Lenton, Vaughan, 2009 
Shepherd, 2009 + ++ + + ++ ++ ++ + ++ + + ++ ++ - ++ - ++ ++ 
Kosugi, 2010 + ++ ++ + ++ - - - ++ ++ + ++ - - - - - -

Vaughan, Lenton, 2011 ++ ++ ++ ++ ++ ++ ++ - ++ ++ + + + - + - + + 
Corner et al., 2013 - - - - ++ + - - + + ++ ++ + ++ ++ - ++ ++ 

OHB System AG, 2020 + + - - ++ + + - - - ++ ++ + - - - - + 
Belaia et al., 2021 + ++ + ++ ++ ++ - - - ++ - + - - - - - -

Baum et al., 2022 - + + + ++ ++ + - + + ++ + ++ - ++ + ++ + 
UNEP, 2023 + + + + ++ ++ - + + ++ + ++ ++ - + - + ++ 

PSF, FSC, 2023
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technical considerations, the lower coverage in the inter-
vening years highlights the need for more consis tent efforts.

In the following, three statements from the literature 
that have been assigned to a specific SDC are provided 
as an example:
Fig. 5. Cumulated coverage of all 18 SDC in the selected literature. Here, 
cumulated coverage represents the extent to which an SDC is discussed 
within all publications. Note that while the maximum possible coverage is 
100%, the x-axis limit is set to 80%. The underlying data set is provided in
Table 11. 

Fig. 6. Cumulated coverage of SDC in the selected literature. Here, cumulate
specific publication. Note that while the maximum possible coverage is 100%, th

23
SDC-01 Radiative forcing potential: 

[ ] notes that solar radiation management may indeed 
reduce global temperatures but would probably modify, 
and possibly reduce global precipitation patterns. He also 
notes that reversing half of anthropogenic warming through 
radiation management techniques might actually result in 
precipitation patterns similar to those during pre-industrial 
periods. This suggests that the deployment of a solar shield 
must consider, in real time, unanticipated impacts on Earth 's
overall climate (Roy, 2022). 

SDC-07 Reversibility: 

A sunshade would be scalable and reversible, with the pos-
sibility to add or remove elements to adjust the size (PSF 
and FSC, 2023). 

SDC-12 Ethics: 

This objection centers around the possibility that the solar 
shield approach might actually work as advertised. The fear 
is that this would create a ”moral hazard.” By remo ving the 
threat of global warming, some countries will choose to 
expend less e ffort in reducing emissions of greenhouse
gases (Roy, 2022). 

As shown in Fig. 5, there is a pronounced focus on 
SDC-05 Side effects with 73% coverage and SDC-06 Con-
trollability with 61% coverage. This strong focus reflects 
the significant concerns surrounding unintended conse-
quences and the need for precise control mechanisms, both 
of which are critical for the safe and effective use of sun-
shades. These criteria have received the most attention, 
likely because they are directly related to managing the
potential risks of large-scale geoengineering.
d coverage represents the extent to which the SDC are discussed within a 
e y-axis limit is set to 80%. The underlying data set is provided in Table 11.
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The SDC-12 Sustainability and SDC-13 Ethics, each 
with coverage of 48%, indicate a solid foundation of 
research in these areas, but also point to opportunities 
for further exploration. The result of SDC-12 Sustainabil-
ity shows that while progress has been made in understand-
ing the environmental and long-term viability of 
sunshades, aspects such as space debris management, the 
integration of circular economy principles, and the envi-
ronmental impact of rocket launches and reentries remain 
underexplored. Similarly, the coverage of SDC-13 Ethics 
demonstrates that this topic is recognized, includi ng moral 
hazard and geopolitical risks, but there is room for a dee-
per engagement with issues such as global equity, enhanced 
weather control, and the ethical implications of potential 
weaponization. Overall, the coverage is encouragi ng but
suggests the need for continued focus on these critical areas
to ensure that sunshades are developed and deployed in a
sustainable and ethically responsible way.

Surprisingly, SDC-01 Radiative forcing potential has 
received only 39% coverage, despite being one of the most 
important technical criteria for assessing the impact of sun-
shades on solar radiation. Given its central role in deter-
mining sunshade efficacy, this gap highlights the need for 
further research on how sunshades can accurately reduce 
solar radiation with spatial and temporal precision to
achieve their intended climate control goals.

Other important technical criteria, such as SDC-07 Rev-
ersibility (32%) and SDC-08 Technology readiness level 
(20%), show relatively low coverage. This underrepresenta-
tion reflects the current lack of practical engineering solu-
tions and mature technologies for sunshade deployment. 
More research is needed to advance the technological 
maturity of the concept and develop strategies for the prac-
tical removal of sunshades from SEL1.

The moderate coverage of SDC-09 IPCC mitigation sce-
narios and data with 43% suggests that some effort has 
been made to align the research on sunshades with broader 
climate change mitigation frameworks. However, the rela-
tively low coverage of SDC-10 Integrated assessment with 
34% indicates that further work is required to fully under-
stand how sunshades could fit into larger climate policy, 
mitigation, and adaptation strategies, as well as other geo-
engineering concepts. More comprehensive studies are 
needed to assess the lon g-term impacts and feasibility of
integrating sunshades with current and future climate
interventions.

The evaluation of SDC-17 Social Acceptability and 
SDC-15 Public Perception, both at 25% coverage, high-
lights a significant gap in addressing the societal dimensions 
of sunshades. These aspects are critical to gaining the polit-
ical and public support necessary for large-scale deploy-
ment. The low coverage of social acceptability indicates 
that there is insufficient exploration of how stakeholders, 
including the public and policymakers, might respond to 
sunshades, which could hinder their implementation. Simi-
larly, the limited focus on public perception reveals a gap in
understanding societal attitudes and concerns that could
24
influence policy decisions and public engagement. Without 
addressing these gaps, the path to the successful deployment 
of sunshades could face substantial resistance, potentially 
compromising their long-term feasibility.

The least covered criteria, SDC-16 Energy Justice with 
11% and SDC-14 Wording and Framing with 9%, continue 
to highlight a broader issue within the literature: the persis-
tent lack of focus on the social, political, and ethical dimen-
sions of sunshade deployment. These criteria are critical for 
shaping public perception, ensuring social acceptability, 
and addressing the ethical an d distributive impacts of such 
technologies. The minimal attention to SDC-16 Energy jus-
tice raises concerns about the potential for sunshade 
deployment to increa se global inequalities, especially in
vulnerable regions that may be disproportionately affected
by such interventions.

The SDC framework proves to be an effective tool for 
evaluating sunshades by providing a structured approach 
that highlights both technical and social dimensions in a 
(space) sustainability context. Its strength lies in its ability 
to systematically cover a wide range of relev ant criteria, 
from operational performance to ethical and environmen-
tal concerns. The framework’s ability to identify gaps in 
current research demonstrates its practical utility in guiding
future studies.

8. Discuss ion 

In a first attempt to find a comprehensive framework 
for evaluating the development status of sunshades, the 
case study literature has been analyzed for its SDG cover-
age. The sunshade literature focuses heavily on climate 
action and infrastructure, while broader socioeconomic 
and equity issues are underrepresented. The SDGs related 
to marine ecosystems, energy, water, inequalities, pov-
erty, and hunger show low coverage, some as low as 0% 
to 7%. This highlights significant research gaps, particu-
larly in assessing impacts on vulnerable populations, espe-
cially in the Global South. The lack of growth in SDG 
coverage since their introduction in 2016 might explain 
the limited recognition of the sunshade concept by major 
environmental bodies. To improve integration into global 
environmental policy, future research should address 
these gaps and ensure a comprehensive assessment 
aligned with the full spectrum of UN SDGs. The SDGs 
provide a useful framework for identifying the aforemen-
tioned gaps and it appears feasible to turn t he results into
a focused research agenda. However, the space segment,
particularly the space sustainability aspect, is not reflected
in the SDGs.

Hence, it was then moved to what is currently used by 
the European space industry to assess the environmental 
impact of space systems, including aspects of the space seg-
ment: the ESA EIIs. The coverage analysis of the sunshade 
literature reveals several critical gaps in the assessment of 
the environmental impacts of space-based geoengineering.
Although EII-03 Human toxicity potential shows the high-
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est coverage at 34%, even this figure indicates that a sub-
stantial portion of human health risks remains unexplored. 
Other indicators, such as EII-16 Mass left in space and EII-
02 Ozone depletion potential, have moderate coverage with 
30%, pointing to some awareness of the generation of space 
debris and impacts on the ozone layer. However, consider-
ing the massive scale of sunshade deployment, the compa-
rable low coverage of mass left in space is surprising, 
especially given global efforts to mitigate space debris. 
Moreover, EII-01 Global warming potential, directly 
related to the primary objective of sunshades to mitigate 
climate change, shows only 16% coverage, highlighting a 
major research gap in understanding the broader environ-
mental impacts of production and deployment. In additio n, 
indicators related to freshwater and marine ecosystems, 
such as EII-06 Freshwater eutrophication potential and 
EII-10 Marine aquatic ecotoxicity potential, have negligi-
ble coverage, raising concerns about their oversight. Over-
all, while the ESA EII framework provides a 
comprehensive tool for assessing the environmental impact 
of sunshades, partly addressing the space segment, the cur-
rent literature underutilizes it. Expanding research to cover
these areas is critical to ensure informed decision making
and sunshade development in line with sustainable envi-
ronmental practices.

Furthermore, the ESA EIIs do not address the unique 
challenges of geoengineering, and sunshades in particular. 
The sustainability aspect of the future in-space ecosystem 
is not sufficiently visible within the indicators as well. As
described in Section 4 and Section 5, there is a lack of 
development frameworks specifically designed to address 
sunshade-specific aspects, including technical, social, envi-
ronmental, economic, ethical, geopolitical, scientific, and 
(space) sustainability perspect ives. Hence, the need for a 
tailored development framework arises, which naturally
led to the creation of the SDC.

The SDC framework has proven to be an effective tool 
for assessing the development status and advancing the 
concept of sunshades. It offers a structured approach that 
captures both the technical and the social dimensions of 
space-based geoengineering. Its ability to systematically 
identify and assess a wide range of criteria, from opera-
tional challenges to ethical concerns, highlights its applica-
bility as a guiding framework. The analyzed literature 
showed a comprehensive coverage of critical aspects such 
as SDC-05 Side effects and SDC-06 Controllability, 
demonstrating its ability to detect the status of areas of 
concern in geoengineering. Additionally, the framework’s 
identification of gaps, such as in SDC-01 Radiative forcing 
potential and SDC-17 Social acceptability, underlines its 
utility in shaping future research priorities. By revealing
underexplored areas like SDC-08 Technology readiness
level and SDC-07 Reversibility, the SDC framework
ensures that the technical dimensions are recognized.

However, potential mistakes and biases in the literature 
assessment, including personal preferences, could not be 
entirely excluded, which may have led to bias or misinter-
25
pretation of criteria coverage. Specific types of error could 
include inaccuracies in interpretation, while biases may 
arise from selective focus or subjective judgment. To 
address these issues, efforts have been made to ensure a 
thorough and balanced review of the literature. This 
includes cross-checking the evaluation results within the 
group of authors and seeking peer feedback. Further, indi-
vidual publications may not intend to cover all criteria, as 
technical papers naturally focus solely on technical aspects 
while usually neglecting social considerations, and vice
versa. To address this, a broad range of literature is
included in this analysis to provide a representative
overview.

9. Conclusion and outlook 

Examining the case study literature on the coverage of 
the UN SDGs and ESA EIIs led to a comprehensive set 
of 18 SDC. These criteria were selected and developed to 
reflect the overarching nature of geoengineering, incorpo-
rating aspects of sustainability while addressing space-
and sunshade-specific needs. The framework is designed 
to evaluate the progress of the field and guide future devel-
opment. It is kept sufficiently generic to (i) allow for com-
pariso n with other geoengineering proposals and (ii) to
provide flexibility in addressing the criteria.

The SDC was found to consist of a balanced set of tech-
nical and social responsibility criteria. Therefore, the 18 
SDC are intended to serve as a standalone evaluation 
and development framework. Nevertheless, it is important 
to acknowledge that the SDC are not fully defined or 
exhaustive in this context, and a certain degree of uncer-
tainty remains in its interpretation. Hence, in the future, 
this framework can serve as a foundation for a more 
refined system, enabli ng a detailed and quantitative assess-
ment, with specific design parameters derived from these
criteria.

To be considered a serious complement to mitigation, 
adaptation, and other geoengineering methods such as 
SRM, it is crucial to address the identified research gaps 
related to sunshades. The uncovered lack of significant 
growth in key areas over time justifies this work. In addi-
tion to the high cost, this may also explain why sunshades 
have not gained widespread recognition from major envi-
ronmental bodies such as UNEP, while other SRM
options, such as SAI, are being investigated (UNEP, 
2023). It may also have led various bodies such as the
IPCC (2023), geoengineering and climate scientists (Keith 
et al., 2020; Sovacool et al., 202 2), and the United State s 
National Acadmies (2021) to conclude that sunshades are 
not a viable option. Addressing the present gaps would 
likely lead to greater acceptance among the public, the sci-
entific community, and policy makers, encouraging the 
participation of stakeholders such as governments, the 
UN, and the IPCC. Although not all studies need to cover 
every single SDC, the summary of all related future work
should. Closing these gaps will not only improve the feasi-
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bility and credibility of sunshades. It will also provide a 
deeper understanding of their environmental impacts, sup-
porting more informed and balanced decision making and 
the potential development of sustainab le space-based geo-
engineering practices.

While sunshades are likely to cool the Earth, they do not 
address atmospheric pollution. Emissions from the past 
200 years have contributed to current and future warming, 
and merely stopping or reducing new emissions will only 
partially mitigate the issue. Emiss ion reductions can help 
prevent further warming, but previous emissions must be 
removed, and sunshades provide the necessa ry time to
address this challenge. This must be the only purpose of
sunshades.

As the window for large-scale deployment of sunshades 
narrows, addressing research gaps through the applica-
tion of the proposed SDC should be a top priority. In that 
context, a promising initiative is Destination Earth, a 
€315 million project launched by the European Commis-
sion, aimed at creating a digital twin of the Earth
(European Commission, 2024). This significant advance-
ment will allow for informed decision making through 
detailed modeling of mitigation, adaptation, and geoengi-
neering efforts, as well as climate change and related
socioeconomic effects.

Although the deployment of sunshades as a supple-
mentary measure in conjunction with mitigation and 
adaptation efforts is an enormous challenge, the scale of 
the climate crisis demands solutions of comparable mag-
nitude. Therefore, we m ust remain open-minded and 
proactive in preserving our planet and ensuring t he con-
tinuation of life.
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Van Bommel, N., Höffken, J.I., 2021. Energy Justice within, between and 
beyond European Community Energy Initiatives: a review. Energy 
Res. Soc. Sci. 79, 102157. https://doi.org/10.1016/j.erss.2021.102157. 

Vaughan, N.E., Lenton, T.M., 2011. A review of climate geoengine ering 
proposals. Clim. Change 109 (3–4), 745–790. https://doi.org/10.1007/ 
s10584-011-0027-7. 

Wigley, T.M.L., 2006. A combined mitigation/geoengineering approach to 
climate stabilization. Science 314 (5798), 452–454. https://doi.org/ 
10.1126/science.1131728. 

Wilson, A.R., Vasile, M., 2023. The space sustaina bility paradox. J. Clean. 
Prod., 423, 138869. https://doi.org/10.1016/j.jclepro.2023.138869. 

Wohlin, C., 2014. Guidelines for snowballing in systematic literature 
studies and a replication in software engineering. In: Proceedings of 
the 18th International Conference on Evaluation and Assessmen t in
Software Engineering (pp. 1–10). ACM. https://dl.acm.org/doi/10. 
1145/2601248.2601268.

https://static1.squarespace.com/static/60d495bac7a14f7e7507d20b/t/60ef1773734ecf541e83d4c2/1626281844080/Annotated+bibliography+on+space-based+Geoengineering+-+Shyur+%282020%29.pdf
https://static1.squarespace.com/static/60d495bac7a14f7e7507d20b/t/60ef1773734ecf541e83d4c2/1626281844080/Annotated+bibliography+on+space-based+Geoengineering+-+Shyur+%282020%29.pdf
https://static1.squarespace.com/static/60d495bac7a14f7e7507d20b/t/60ef1773734ecf541e83d4c2/1626281844080/Annotated+bibliography+on+space-based+Geoengineering+-+Shyur+%282020%29.pdf
https://static1.squarespace.com/static/60d495bac7a14f7e7507d20b/t/60ef1773734ecf541e83d4c2/1626281844080/Annotated+bibliography+on+space-based+Geoengineering+-+Shyur+%282020%29.pdf
https://doi.org/10.1007/s11027-022-10030-9
https://doi.org/10.1111/risa.13932
https://doi.org/10.1016/j.enpol.2017.03.005
https://doi.org/10.1016/j.apenergy.2015.01.002
https://doi.org/10.1073/pnas.2307434120
https://doi.org/10.1073/pnas.2307434120
https://doi.org/10.3390/aerospace12090785
https://www.nasa.gov/directorates/somd/space-communications-navigation-program/technology-readiness-levels/
https://www.nasa.gov/directorates/somd/space-communications-navigation-program/technology-readiness-levels/
https://www.nasa.gov/directorates/somd/space-communications-navigation-program/technology-readiness-levels/
https://sdgs.un.org/goals
https://sdgs.un.org/goals
https://www.un.org/en/academic-impact/sustainability
https://www.un.org/en/academic-impact/sustainability
https://wedocs.unep.org/bitstream/handle/20.500.11822/41903/one_atmosphere.pdf?sequence=3%26isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/41903/one_atmosphere.pdf?sequence=3%26isAllowed=y
https://doi.org/10.17226/25762
https://www.unoosa.org/documents/pdf/PromotingSpaceSustainability/Publication_Final_English_June2021.pdf
https://www.unoosa.org/documents/pdf/PromotingSpaceSustainability/Publication_Final_English_June2021.pdf
https://www.unoosa.org/documents/pdf/PromotingSpaceSustainability/Publication_Final_English_June2021.pdf
https://doi.org/10.1016/j.erss.2021.102157
https://doi.org/10.1007/s10584-011-0027-7
https://doi.org/10.1007/s10584-011-0027-7
https://doi.org/10.1126/science.1131728
https://doi.org/10.1126/science.1131728
https://doi.org/10.1016/j.jclepro.2023.138869
https://dl.acm.org/doi/10.1145/2601248.2601268
https://dl.acm.org/doi/10.1145/2601248.2601268

	Climate action in space: A sustainable development framework �for sunshades at Sun-Earth Lagrange Point 1
	1 Introduction
	2 Background on sunshade concepts
	3 Material and methods
	3.1 Literature selection
	3.2 Content analysis

	4 Framework approaches within the sunshade domain
	5 External frameworks applied to sunshade literature
	5.1 United Nations Sustainable Development Goals
	5.2 European Space Agency Environmental Impact Indicators for space systems

	6 Sunshade Development Criteria
	6.1 Criteria definition
	6.1.1 SDC-01: Radiative forcing potential
	6.1.2 SDC-02: Deployment time
	6.1.3 SDC-03: Lifetime of effect
	6.1.4 SDC-04: Efficacy
	6.1.5 SDC-05: Side effects
	6.1.6 SDC-06: Controllability
	6.1.7 SDC-07: Reversibility
	6.1.8 SDC-08: Technology readiness level
	6.1.9 SDC-09: IPCC mitigation scenarios and data
	6.1.10 SDC-10: Integrated assessment
	6.1.11 SDC-11: Sustainability
	6.1.12 SDC-12: Ethics
	6.1.13 SDC-13: Governance
	6.1.14 SDC-14: Wording and framing
	6.1.15 SDC-15: Public perception
	6.1.16 SDC-16: Energy justice
	6.1.17 SDC-17: Social acceptability
	6.1.18 SDC-18: Social justice

	6.2 Exclusion of a cost criterion
	6.3 Criteria classification

	7 Sunshade Development Criteria applied to sunshade literature
	8 Discussion
	9 Conclusion and outlook
	Declaration of competing interest
	Acknowledgements
	References




