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Appendix C — Carrying capacities definition
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1 Definition of the concept of carrying capacity

The carrying capacity is defined in [Bjorn et al., 2025] as the maximum continuous burden that
the environment can sustain without taking critical damage, where critical damage indicates that some
environmental damage is compatible with sustainable development, but only up to a critical level [Bjgrn
et al., 2025]. This can also be expressed as the maximum sustained environmental intervention a nat-
ural system can withstand without experiencing negative changes in structure or functioning that are
difficult or impossible to revert [Bjorn and Hauschild, 2015]. Environmental burden can be expressed
at different points in an impact pathway, depending on the environmental indicator (typically ‘midpoint’).

In practice, carrying capacities are operationalized through the selection of environmental control
variables and the definition of associated thresholds. The estimation of the carrying capacities is hence
closely related to the LCIA method selected for the characterization of elementary flows in LCA [Bjgrn
et al., 2025]. In fact, the JRC AESA Guidance (beta version) [Bjgrn et al., 2025] reminds that ”when
sourcing the list of carrying capacity values from the scientific literature, the practitioner should ensure
that they were developed for the same impact assessment framework that were used for quantifying
environmental burdens and that there is a match between the indicators and units, and not only be-
tween the names of impact categories”. This is meant to ensure consistency and compatibility in the
underlying environmental mechanisms considered. The two most common approaches used in the
literature for the definition of global static carrying capacities are (i) the original PB frame-
work definition [Richardson et al., 2023, Steffen et al., 2015], and (ii) global carrying capacities based on
conventional existing LCTA methods such as EF [Sala et al., 2020] or ReCiPe 2016 [Gebara and Laurent,
2023].

The first approach (PB to LCIA) adapts LCIA metrics to the planetary boundaries framework by
developing specific impact assessment models, i.e., the PB-LCIA method! developed by [Ryberg et al.,
2018] and expanded by [Galan-Martin et al., 2021, Vazquez et al., 2023, Yang and Paulillo, 2026].

On the contrary, the second approach (LCIA to PB) translates the planetary boundaries into LCIA
metrics to develop LCIA-based planetary boundaries, coherently with the impact assessment modelling
underpinning each category [Sala et al., 2020].

Both approaches have their pros and cons. Although the PB-LCIA approach shows advantages in
terms of results interpretation (already aligned with PB categories), it is also a new LCIA method for
the LCA community (new characterization factors), which is therefore perceive as less robust than well-
known LCIA method such as EF for instance. Carrying capacities definitions? for both approaches are
provided below, as they are both supported in the UNCASExt framework.

!Given that traditional LCIA-methodologies (e.g., EF or ReCiPe) cannot directly be used to evaluate the planetary
boundaries [Lund et al., 2025], a set of characterization factors was developed by [Ryberg et al., 2018], referred to as the
PB-LCIA method. As explained in [Lund et al., 2025], "the PB-LCIA methodology operationalizes the PBs within a LCA
framework by defining characterization factors (CF) for the 85 main elementary flows. Though, the boundaries Biosphere
integrity and Novel entities are not considered due to the lack of control variables or because their control variables are
considered immature”.

2Note that the concept of carrying capacity is a broader than concept of planetary boundary, as pointed out by the
authors of [Lund et al., 2025]. In fact, a key difference is that the PB framework is a precautionary framework, while the
carrying capacities attempt to estimate the maximum sustained environmental intervention a natural system can withstand
without experiencing negative changes in structure or functioning that are difficult or impossible to reverse.
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2 Global carrying capacities from the planetary boundaries framework

The planetary boundaries (PB) framework is nowadays increasingly used in scientific and grey liter-
ature, and policymaking. According to authors of [Ryberg et al., 2018, Galaz et al., 2012], this is mostly
explained by the fact that (i) it captures multiple global environmental pressures within one integrated
framework, and that (ii) it offers quantitative targets (boundaries) to support decision making and ac-
tion. Furthermore, these boundaries are defined based on best available science and (in principle) neutral
towards human values since the PB framework does not specify the mechanisms for staying within the
safe operating space [Ryberg et al., 2018, Biermann, 2012]. However, the authors of [Dao et al., 2018]
explain that in practice, several types of sources have been used to identify the global boundaries, mainly
because of different levels of scientific understanding on the issues covered by the PB framework. This
section therefore explains the basic concepts underlying the PB framework and how it is used to define
carrying capacities, given that the PB framework is increasingly referred to for defining global carrying
capacities.

2.1 Overview of the planetary boundaries framework

The PB framework is based on the biophysical and biochemical systems and processes known to
regulate the state of the planet [Richardson et al., 2023]. The framework defines a set of biophysical
boundaries for key Earth systems processes that human impacts should stay within to maximize the
probability of staying in a Holocene-like state, and thereby avoid potentially unacceptable Earth sys-
tem changes [Steffen et al., 2015, Rockstrom et al., 2009b]. The Holocene state of Earth is taken as
the benchmark reference, as many of the components comprising the planetary boundaries framework
were rather stable during this post-glacial geological period spanning the last ten to twelve thousand
years [Richardson et al., 2023]. One of the main assumption underlying the framework is that the Earth
system stability observed during the Holocene period is a key condition to support life systems conducive
to the human welfare and societal development. All boundaries therefore adopt preindustrial Holocene
conditions as a reference for assessing the magnitude of anthropogenic deviations [Richardson et al., 2023].

The PB framework gathers nine distinct planetary boundaries, all targeting very different biophys-
ical, biochemical systems and processes. They are defined at the global scale, although some of them
have also definition at regional/local scale [Dao et al., 2018]. Each PB is quantified through the use of
control variables, which are physical positive quantities used to evaluate the effect on response variable,
as shown in Figure 1(b). PB control variables are located at different locations on the impact pathway, as
defined by the Driver-Pressure-State-Impact-Response (DPSIR) framework [Bjgrn and Hauschild, 2015].
In fact, some control variables are defined at the state level (e.g., atmospheric CO2 concentration, forest
cover) whereas others are defined at the pressure level (e.g., land use change, biogeochemical flows) or
the impact level (e.g., climate change, biodiversity loss), as highlighted in [Hellweg et al., 2023, Vea et al.,
2020, Bjorn and Hauschild, 2015, Lind and Andersen, 2024]. This is illustrated in Figure 1(c).

Among all planetary boundaries, two are identified as core boundaries, i.e., climate change and bio-
sphere integrity as highlighted in Figure 1(a). This means that they have not only a very important
impact regarding the state of the Earth system, but also a relatively high impact on the behavior of
other PBs. This is one of the reason why there is often a focus on the climate change boundary. In the
PB framework, two boundaries are proposed for climate change with two different control variables, i.e.,
radiative forcing and atmospheric CO2 concentration. As explained by [Gebara and Laurent, 2023], radia-
tive forcing (set to 1 W/m?) is regarded as more ”inclusive” in its addressing of climate change given that
it includes all greenhouse gases (GHG) emissions. The second boundary only relates to atmospheric COq
concentration (set to 350 ppm). It is important to highlight that these two different control variables lead
to two different planetary boundaries, although they both aims at capturing the impact on climate change.



uncasext_preprint_arXiv:2606.21465

(a)

Climate change

.3 Core
2 boundaries

Biosphere
integrity

<8 Radiative
concentration ~ forcing
(atmospheric)

Novel entities Planetary
boundary (PB)

Functional 5 normalized
\ [ value
T e

Land system

Stratospheric ozone
change

depletion

\

Atmospheric
aerosol loading

« (b) e
)
Ocean
Biogeochemical acidification
flows

Boundary transgressed

Safe operating Zone of increasing risk High risk
space zone

Freshwater B|I$

change

Response variable

~~-- Threshold -=-=-~f----~

Control variable

(©)

N

AN
Response R >

D D D

« Transport GHG emissions
« Industry + Chemical polluton « Levels of chemicals « Human health
- Agriculture - Biogeochemical fows - Levels of N.and P - Eutrophicaton

« Land use change « Forest cover « Biodiversity loss

Atmospheric CO, + Climate change

Figure 1: (a) Overview of the planetary boundaries (PB) framework. Caption from the original fig-
ure [Richardson et al., 2023] details that the green zone is the safe operating space (below the boundary),
yellow to red represents the zone of increasing risk, and purple indicates the high-risk zone where inter-
glacial Earth system conditions are transgressed with high confidence. Values for control variables are
normalized so that the origin represents mean Holocene conditions and the planetary boundary lies at
the same radius for all boundaries [Richardson et al., 2023]. (b) Conceptual definition of the planetary
boundary definition below the threshold, quantified through the control variable. (c¢) Location of control
variable on the impact pathway according to the DPSIR framework [Bjgrn and Hauschild, 2015]. Figure
and caption adapted from [Richardson et al., 2023, Steffen et al., 2015, Lind and Andersen, 2024].

Since the first publication of the PB framework [Rockstrom et al., 2009a], several updates have been
published to revise it [Steffen et al., 2015, Richardson et al., 2023,Sakschewski et al., 2025]. Aside from up-
dating the current values for each control variable, notable updates® include the revision of the planetary
boundary for ocean acidification to 2.86-2.75 2, in [Sakschewski et al., 2025] (corresponding to 80-70%
of the newly-updated preindustrial {2,:a¢), and the change of control variable for rate of biodiversity loss
to human appropriation of net primary production (NPP) expressed as as fraction of pre-industrial NPP
[%]. In the last update of the PB framework, the Planetary Health Check (2025) report concludes that
seven of the nine planetary boundaries have been breached, with all of those seven showing trends of
increasing pressure [Sakschewski et al., 2025]. This suggests further destabilization of planetary health
in the near future, leading to an increasing risk of exceeding so-called tipping points that may lead to
irreversible cascading effect [Lejeune et al., 2026].

3 All details regarding the last updates of the PB framework ca be found in the Planetary Health Check (2025) full report,
Table 3 pp.130-131 [Sakschewski et al., 2025]. Updated values are compared to previous values from [Richardson et al.,
2023].
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The PB framework also served as a basis for the Doughnut economy framework, which extends the
concept of environmental ceiling (i.e., ecological limits from the PB framework) with the concept of social
floor. This aims at explicitly accounting for the just dimension associated with social aspects, on top
of the safe dimension captured by the environmental aspects. In this work and in AESA in general,
the just dimension is (partially) accounted for through the use of sharing principles when allocating the
global carrying capacities. Yet, this relates more to distributive justice theory (i.e., sharing a limited
resource) than social floor definition (i.e., meeting basic human needs/human satisfiers [Brand-Correa
and Steinberger, 2017]).

2.2 Definition of the safe operating space

In practice, the PB framework provides boundaries that can be used as global carrying capacities at
the Earth level. In fact, the PBs are limits at a global scale and they can be understood as the maximum
quantities of various resources that could be used on Earth [Dao et al., 2018]. This directly refers to a
key concept in the PB framework, i.e., the safe operation space (SOS), as depicted in Figure 1(a) with
the green zone. It refers to the ability of the planet Earth to provide life support systems for humanity,
i.e., the maximum value of the control variable that is allowed to reach before transgressing the planetary
boundary [Vézquez et al., 2023]. The SOS is then often used in AESA studies to define global carrying
capacities. There are two main approaches to define the safe operating space in the literature.

e Approach #1 (Full SOS) : The first approach removes the natural background level CONB(t =
Holocene) from the planetary boundary value CCFP | for each Earth system process e. The natural
background level is the value of the control variable before human activities began affecting the
Earth System process, i.e., the preindustrial Holocene base values [Richardson et al., 2023]. This
approach is referred to as the full safe operating space available for humans [Ryberg et al., 2018].
In practice, this the most common approach in AESA studies [Ryberg et al., 2018,Stranddorf et al.,
2023, Lejeune et al., 2026, Puig-Samper et al., 2025], and also the one used in the PB framework,
as reported in Table 1. Nonetheless, it is important to point out that it defines tangential (static)
values of the full SOS, or in other words the (maximal) situation that should be reached at the
global level. The full SOS is therefore the space for human civilization to thrive without threatening
the stability of the Earth system, i.e., while ensuring a "normal” /Holocene-like functioning of the
Earth system. Equation 1 is inspired from [Lejeune et al., 2026] and defines the full SOS.

CC.(t) = CCFE — CONP()|,_ proroceme (1)

e Approach #2 (Remaining SOS): On the contrary, the second approach removes the current
value (t = today) of the control variable from the planetary boundary CCZIB | for each Earth system
process e. This approach is referred to as the remaining safe operating space [Ryberg et al., 2018],
as it captures the currently available SOS. However, authors in [Ryberg et al., 2018] argue that it
is not relevant for evaluating how an existing or planned activity can affect humanity’s ability to
maneuver within the total safe operating space. Instead, this approach is only relevant for showing
if the introduction of a new activity will lead to exceedance of the PBs, assuming everything else
remains the same”. In fact, this approach leads to negative value SOS for Earth system processes
where the current value of the control variable exceeds the boundary, which is the case of seven out
of nine PB today [Sakschewski et al., 2025]. In practice, this approach is hence discouraged [Ryberg
et al., 2018] because alternatives are found "not absolute environmentally sustainable” by-default,
preserving the status quo through inaction, and therefore discouraging a potential improvement of
the situation and a transition towards an environmentally sustainable society [Ryberg et al., 2018].

CCe(t) - CCePB - CCe(t) ‘t:today (2)
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2.3 Global static carrying capacities based on the planetary boundaries framework

This section details which planetary boundaries are considered in the UNCASExt framework (and
implemented in pyaesa), together with each boundary values. Ideally, all planetary boundaries should
be included in the SOS definition. However in practice, a subset of PBs can be selected when data are
lacking or if the PB is clearly irrelevant to the study. In this study, eight out of nine Earth-system
processes defined in the PB framework are considered. The planetary boundary for novel entities is
excluded similarly to [Serrano et al., 2025, Vazquez et al., 2023|, because there is no specific environ-
mental threshold currently defined and because there is a lack of consensus concerning the adequate
control variable [Persson et al., 2022]. Stratospheric ozone depletion and atmospheric aerosol loading
Earth-system processes are both included although the coverage of environmental stressors available in
multi-regional input-output (MRIO) databases is poor. This study therefore includes most of the PB
that are currently exceeded at the global level [Sakschewski et al., 2025], similarly to [Serrano et al., 2025].

The full safe operating space from the PB framework is selected as the global carrying capacity
(i.e., the finite resource) to be shared for each Earth system process, as detailed in Section 1. Values
are taken directly from the scientific literature [Richardson et al., 2023, Sakschewski et al., 2025] and
reported in Table 1. To ensure consistency in the ASR, both the numerator and the denominator must
use consistent characterization factors [Bjorn et al., 2025]. The use of the PB framework for defining
global carrying capacities hence requires the use of the PB-LCIA method [Ryberg et al., 2018] for the
LCA (or conversely, the use of PB-LCIA for the LCA requires the use of the PB framework for defining
carrying capacities). Characterization factors from [Ryberg et al., 2018] and [Yang and Paulillo, 2026] are
therefore used. To maintain consistency with the PB-LCIA method used for the LCA (numerator of the
ASR), control variables for freshwater use (blue water consumption) and biosphere integrity (functional
diversity) are taken from the original version of the PB framework [Steffen et al., 2015], similarly to [Puig-
Samper et al., 2025]. Characterization factors from [Galdn-Martin et al., 2021] and [Vézquez et al., 2023]*
are used for biosphere integrity (functional diversity).

4See Appendix A in their supplementary material [Vazquez et al., 2023].
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2.4 Difference between limits and targets

An important distinction between limits and targets should be pointed out. Based on Eurostat, au-
thors of [Dao et al., 2018] define a target as ”a value that the indicator should reach, accompanied or
not by a deadline to achieve this value (target year)”. It must therefore be clear that limits such as
planetary boundaries are not targets because the goal is not to reach them. They rather act as an upper
bound which should not be transgressed [Dao et al., 2018], given that unacceptable impacts are much
more likely to occur. Nevertheless, returning to the limit may be set as a target for the PBs that have
already being surpassed [Dao et al., 2018], as it is the currently the case for seven out of nine boundaries
in the PB framework [Sakschewski et al., 2025]. The authors of [Lund et al., 2025] also argues that a
planetary boundary should therefore not be understood as a global threshold or tipping point, because
the planetary boundary is located upstream of the biophysical threshold and acts as a buffer for the
tipping point of uncertain consequences of environmental impacts.

Boundary positions do not demarcate or predict singular threshold shifts in Earth system state: they
are placed at a level where the available scientific evidence suggests that further perturbation of the
individual process could potentially lead to systemic planetary change by altering and fundamentally
reshaping the dynamics and spatiotemporal patterns of geosphere-biosphere interactions and their feed-
back. This strengthens the rationale for using the precautionary principle to set the planetary boundaries
at the lower end of the zone of increasing risk [Richardson et al., 2023]. It is also important that these
threshold values are determined by best available science, based on a large agreement from the scientific
community, even if the uncertainty range is large [Dao et al., 2018]. They could then be used to inform
political and business decision makers, and to set targets that will inherently depend on political will,
perceptions of equity, efficiency and feasibility, among others. In fact, the authors of [Dao et al., 2018]
highlight that targets are set through policy processes (often with short-term and achievable objectives
in mind), and should be understood as the result of negotiations. This hence relates to dimensions such
as power relations, economic considerations, public pressure, social values and perceptions. For instance,
the limit can be seen as too difficult to attain, e.g. too expensive in economic terms [Dao et al., 2018].
This explains (at least partially) why a scientific limit (if identified) does not directly translate into an
identical policy target [Dao et al., 2018].

2.5 Time dimension in the planetary boundaries framework

The authors of [Guinée et al., 2022] points out that planetary boundaries in the PB framework are
related to a time dimension, which is often overlooked. In fact, they highlight that most (although not
all) boundaries have a temporal dimension, being either ezplicit (e.g., rate of biodiversity loss in number
of species per million per year, nitrogen cycle in millions of tonnes per year, phosphorous cycle in mil-
lions of tonnes per year, and global freshwater use in km? per year), or implicit (e.g., atmospheric COq
concentration is connected to annual COs emissions, stratospheric ozone depletion is connected to CFC-
emissions per year, etc). The time dimension for each Earth system process is further specified in Table 1.

It is important to remind the associated implications in the characterization of environmental flows,
and especially in the PB-LCIA method, as explained by the authors of [Lund et al., 2025]. In fact,
contrarily to conventional LCTA methods which encode life cycle information (LCI) information as mass,
the PB-LCIA method give LCI information on resource use and emissions to the environment as mass per
year. This hence allows for the results to be expressed directly in the metrics of the PB’s control variables,
i.e., as annual pressures or environmental states in a long-term (steady-state) perspective [Ryberg et al.,
2018]. Consequently, if an anthropogenic activity is found to be absolute environmentally sustainable
using the PB-LCIA method, the activity can be considered sustainable relative to the PBs over an
infinite time-horizon, as explained in [Ryberg et al., 2018]. Yet, this also requires that the functional
unit is defined over one year and assumes that it is to be perpetuated every year until the steady state
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has been reached, as explained in [Guinée et al., 2022]. This has its implications for the interpretation,
and it is often not stated explicitly by practitioners, or even misunderstood which can lead to erroneous
interpretations of results. Considering temporal aspects in planetary boundaries and LCIA methods is
important to ensure relevant interpretation of the results.

2.6 Uncertainty in carrying capacities definition

The full SOS definition in the PB framework embeds inherent uncertainty, as depicted in Table 1
through the lower and upper end of the zone of increasing risk. The authors in [Puig-Samper et al., 2025]
model the full SOS as a left triangular probability distribution, where the mode is set to the minimal
value of the zone of uncertainty and the maximal value to the higher end of it. This choice aims at
representing the range of variation for carrying capacities while maintaining a preference for the precau-
tionary approach, which is a normative choice aiming at maximizing the chance of respecting the Earth
System [Puig-Samper et al., 2025, Steffen et al., 2015, Ryberg et al., 2018]. However, this complicates
uncertainty discernibility and therefore interpretation, as the uncertainty contribution from the carrying
capacities definition is mixed up with other uncertainties. In the UNCASExt framework, we therefore
chose to use a min/max approach for the definition of the full SOS, rather than a left triangular probabil-
ity distribution. This improves uncertainty discernibility in the final results, which hence improve results
interpretation. The results are therefore always provided for the minimum value of the PB, and the ratio
between the maximum and minimum value of the full SOS in provided in Table 1, which directly allows
to transpose the results and the uncertainty distribution.

The underlying environmental process behind each boundaries definition could be discussed, but this
is not the purpose of this work. In fact, this belongs to environmental sciences research field and it is
simply assumed in this study that current planetary boundaries are the best currently available scientific
estimates regarding control variable for keeping the Earth system in an Holocene-like state.

3 Global carrying capacities from other sources

There also exists other definitions of global carrying capacities, expressed with other control variables
and in other units than the ones from the PB framework. Examples can be found in [Lund et al.,
2025, Sala et al., 2020, Bjorn and Hauschild, 2015].

3.1 Global static carrying capacities adapted to the EF3.1 method

One of the most common alternative to the PB framework for defining global carrying capacities is
the use the 16 midpoint indicators of the EF LCIA method, as provided by the Joint Research Cen-
ter (JRC) [Sala et al., 2020]. An important difference with the carrying capacities defined in the PB
framework is that the EF approach defines carrying capacities for several categories including human
health or ecosystem health whereas planetary boundaries are only concerned with the stability and re-
silience of Earth system, i.e., not human or ecosystem health [Richardson et al., 2023]. Given that an
increasing number of LCA and AESA studies are considering the EF method, global carrying capacities
values for EF are also provided in Table 2. Note that updated values from the JRC [Sanye et al., 2023]
are considered rather than the original ones from [Sala et al., 2020], which leads to (i) a decrease of
about 0.3% for the eutrophication terrestrial category and the change of control variable for the land
use category. Aside from these updates, the minimal carrying capacities defined in [Sanye et al., 2023]
corresponds to the carrying capacities reported in [Sala et al., 2020]. For the GWP_100 LCIA method,
the global static carrying capacity is the same as the one provided for climate change in Table 2. The
UNCASExt framework supports carrying capacities from the PB framework and from the EF LCIA
method (including GWP_100).
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Table 2: Global carrying capacities adapted to the EF metrics of each impact category. Values taken
from [Sanye et al., 2023].

EF impact category Abbreviation Unit CcC CcC ‘ Ratio ‘ Sources
(min) (max) (max/min)

Climate change GWP_100 kg CO2-eq 6.81x10'2 8.72x10'2 1.28% [Sanye et al., 2023]
Ozone depletion ODP kg CFC-11-eq 5.39x10% 1.08x10Y 2.00 [Sanye et al., 2023]
Particulate matter PM Disease incidence 5.16x10° 1.03x 106 2.00 [Sanye et al., 2023]
Tonising radiation R kBq U-235-eq 5.27x10 1.05x10'° 1.99 [Sanye et al., 2023]
Photochemical ozone formation POF kg NMVOC-eq 4.07x10" 8.13x 10 2.00 [Sanye et al., 2023]
Acidificationf AC mol H+ eq 1.00x10'2 2.00x10'2 2.00 [Sanye et al., 2023]
Eutrophication terrestrial TEU mol N-eq 6.11x10"? 1.22x10'3 2.00 [Sanye et al., 2023]
Eutrophication freshwater FEU kg P-eq 5.81x10° 1.16x10'0 2.00 [Sanye et al., 2023]
Eutrophication marine MEU kg N-eq 2.01x10" 4.01x10" 2.00 [Sanye et al., 2023
Ecotoxicity freshwater ECOTOX CTUe 1.31x10™ 2.63x10' 2.01 [Sanye et al., 2023]
Human toxicity non-cancer HTOX nc CTUh 4.10%x10° 8.20%10° 2.00 [Sanye et al., 2023]
Human toxicity cancer HTOX ¢ CTUh 9.62x10° 1.92x106 2.00 [Sanye et al., 2023]
Land use LU Pt 3.98x 10 7.96x10%° 2.00 [Sanye et al., 2023]
Water use WU m3 water-eq 1.82x10 3.64x 10 2.00 [Sanye et al., 2023
Resource depletion fossils FRD MJ 2.24x10M 4.48x10™ 2.00 [Sanye et al., 2023
Resource depletion minerals and metals MRD kg Sb-eq 2.19x108 4.39% 108 2.00 [Sanye et al., 2023]

f: The authors of [Sala et al., 2020] explains that the PB for ocean acidification was linked to climate change due to their strong cause-effect relationship. In fact, there was
no link with the acidification impact category, as the underlying LCIA model only covers terrestrial acidification in the EF method.

*: As suggested in the supplementary material of [Sala et al., 2020], the uncertainty upper limit for climate change is set to 128% of the minimal SOS (as in [Steffen et al.,
2015]) rather than 2x the PB for climate change.

3.2 Uncertainty in carrying capacities definition

The uncertainty in carrying capacity definition is handled similarly to what was introduced in Sec-
tion 2.6 for the PB framework, i.e., with a min/max approach to ensure discernibility in final results. The
uncertainty for minimal and maximal carrying capacity reported in Table 2 are directly taken from [Sanye
et al., 2023]. Since a defined zone of uncertainty is not available for all the LCIA-based PBs, the authors
of [Sala et al., 2020] arbitrarily set the fixed zone of uncertainty at two times (2x) the PB. To the best of
authors’ knowledge, no other approach was proposed since and the factor 2x is therefore also considered
in UNCASExt. As suggested in the supplementary material of [Sala et al., 2020], the uncertainty upper
limit for climate change is set to 128% of the minimal SOS (as in [Steffen et al., 2015]) rather than 2x
the PB for climate change.
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4 Alternative carrying capacities for climate change

4.1 Motivations

Alternative carrying capacities are defined for climate change in the literature, besides the two original
ones from the PB framework, i.e., CO2 concentration (aCO2) and energy imbalance (EI). One of the
main motivation of defining alternative carrying capacities is to enhance the interpretation and the
operationalization potential of the climate change boundaries at lower scales.

In practice, the key difference is that the control variable of these alternative carrying capacities
is defined at a pressure level in the DPSIR impact pathway framework® rather than at a state level.
This allows to move further up the causal chain of the environmental mechanisms leading to climate
change [Dao et al., 2018] to focus on pressure rather than state variables (i.e., GHG annual emissions
rather than energy imbalance or CO2 concentration in the atmosphere), and hence include temporal
aspects in the carrying capacity definition.

4.2 Main approaches in the literature

Several studies [Dao et al., 2018, Gebara and Laurent, 2023, Lejeune et al., 2026, Bjorn and Hauschild,
2015, Hadziosmanovic et al., 2022] have explored alternative PB definition for climate change based on
climate targets as climate change is one of the planetary boundary that has received most attention up to
now and hence, with more advanced modeling and analysis available. According to scientific literature,
environmental boundaries for climate change can be obtained from carrying capacities mainly using (i) a
steady-state (static) approach or (ii) a budgeting (dynamic) approach.

Both approaches are introduced below, but the key difference lies in the time horizon definition. In
fact, the steady-state approach aims at estimating the annual emissions that would result (everything
else being kept the same) in a steady-state condition corresponding to the level of the threshold value
if these emissions were to be sustained indefinitely, whereas the budgeting approach defines the total
emissions over a finite period of time (e.g., 100 years) that would result in the level of the threshold value.
Eventually, the authors of [Gebara and Laurent, 2023] point out that both approaches are applicable to
obtain thresholds for the climate change footprint indicator and that they should ideally be both included
to reflect the variations between the two approaches and account for potential sensitivity in the thresholds.

Aside from the time dimension, the risk of moving away from the Holocene state, and the estimated
relevancy of choosing one climate scenario or another (given or (in)ability as (parts of) human society
to move towards this scenario) are two important considerations when defining an alternative carrying
capacity for climate change. In fact, defining the climate change PB closer to a potential tipping point
accepts a higher risk of moving away from Holocene state by choosing climate change scenarios that are
relaxed compared to the original framework. Using value from the PB framework has the advantage to
set the PB independently of the risk and difficulties to reach that target. The authors of [Dao et al.,
2018] argue in their supplementary material that this value can be considered as a theoretical reference
as no new evidences were found to contradict the fact that 350 ppm limit corresponds to a safe operating
space [Hansen et al., 2013]. Authors of [Dao et al., 2018] also highlight in their supplementary material
the fact that the original PB for climate change can be seen as very hard (or impossible) to reach in
practice because of the tremendous transformations to be implemented in a very short time. This can

5To structure interactions between the environment and socioeconomic activities, the European Environment Agency
(EEA) uses the driving force, pressure, state, impact, and response (DPSIR) framework. In practice, it is used for different
means (e.g., design assessments, indicators identification, results communication, environmental monitoring improvement,
information collection). Even though various conceptual frameworks exist for organizing drivers and pressures, the DPSIR
framework has been widely accepted and commonly used in the global environmental change community [Jabbour and
Hunsberger, 2014].

10
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lead to "more realistic” SOS definition with higher associated risk levels. The second option is therefore
a pragmatic definition of the SOS, although it is less ambitious and more influenced by the currently
observed inability of (parts of) human civilizations to address climate change over the last decades. This
may be seen as a form of path dependency in how environmental targets are defined and relaxed over
time. Nevertheless, several studies [Lejeune et al., 2026, Lund et al., 2025, Gebara and Laurent, 2023,Dao
et al., 2018] argue that SOS definition should be explicitly related to a climate target (i.e., a proxy of the
risk level) to be meaningful.
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Figure 2: Static steady-state vs. dynamic carrying capacity definition for climate change (global). The
static steady-state approach is illustrated with the annual budget of 6.81 GtCOqeq-yr~—! associated to
2°C of global warming, according to [Bjern and Hauschild, 2015] (assuming an infinite time period). The
annual net GHG emissions (Kyoto gases, without AFOLU emissions) vary over time according to different
IAMs, SSPs, and risk category (C1 to C4 corresponding to a global warming below 2°C by 2100) in the
budgeting approach. Historic worldwide GHG emissions from PRIMAP-HIST data (v2.6.1) [Giitschow
et al., | are also shown via the solid black line. This illustrative figure mainly aims at highlighting the
difference between a static and a dynamic approach.

4.2.1 Steady-state (static) approach

The steady-state approach consists in estimating the sustained level of annual emissions for each GHG
(in GtCOgzeq yr—!) which would result (everything else being kept the same) in a steady-state condition
corresponding to the level of the threshold value, e.g., 2°C of global warming. However, few studies
provide steady-state based thresholds for GHG emissions in the literature, as pointed out by [Gebara
and Laurent, 2023]. One of the most referenced study is the one from [Bjorn and Hauschild, 2015], hence
representing the primary source to derive carrying capacities for climate change. The authors of [Bjgrn
and Hauschild, 2015] report a value of 6.81 GtCOseq yr~! for 2°C of global warming. This explains for
instance the value provided for climate change in Table 2. In the steady-state approach, there is therefore
no start year or end year, as the time horizon is infinite. The authors of [Bjorn and Hauschild, 2015]
also report a value of 3.61 GtCOqeq yr—! associated with a radiative forcing of 1 W/m?, which is seen
as a more precautionary approach as it leads to a steady-state temperature increase of about 1.06°C
above pre-industrial levels. This value was also used in [Gebara and Laurent, 2023]. However, no study
has computed such a threshold for the control variable of 350 ppm of atmospheric CO2. Although the
steady-state approach is attractive as very simple, it also hides an important variability depending on
the GHG considered which is not really explicit in the original paper of Bjorn and Hauschild [Bjgrn and
Hauschild, 2015].

11
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4.2.2 Budgeting (dynamic) approach

The budgeting approach consists in estimating the remaining cumulative GHG emissions human ac-
tivities can afford to emit before overshooting a target or exceeding a boundary [Gebara and Laurent,
2023]. The full SOS for climate change (pressure) can then be related to the total COg2 emissions (or
GHG emissions) over a period of time, i.e., a budget which can then be translated into annual emissions.
This translation into annual emissions has the advantage to significantly improve operationalization, as it
is easier for actors (countries, sectors, industries, companies, people, etc.) to evaluate the environmental
performance of socio-economic activities at lower scales based on yearly emissions. The definition of the
alternative carrying capacity for climate change with a budgeting approach is hence related to both (i)
a time horizon for the emissions budget, and (ii) a level of risk that is judged acceptable (normative)
regarding the consequences of global warming, i.e., a higher emissions budget will lead to an increasing
global temperature.

This approach is by far more popular in the literature, as several studies have proposed emissions
budgets in recent decades. Yet, [Gebara and Laurent, 2023] stress out that these budgets are based on
different models and assumptions [Zhai et al., 2018, Rogelj et al., 2016], which clearly show discrepancies
due to both physical uncertainties and value choices, e.g., incomplete understanding of the carbon cycle,
choice of model type, historical emissions, target definition, budget definition, years of negative emissions,
mitigation of non-COs emissions in the chosen pathway, technology assumptions for carbon capture and
sequestration (CCS), etc. Contrarily to the steady-state approach, the time horizon and the reference
year must be specified with the budgeting approach.

Budgets estimation based on model-SSP-climate emissions pathways

The estimation of emissions budgets for climate change in the literature mostly rely on models (e.g.,
integrated assessment models (IAMs)), shared socioeconomic pathways (SSPs) [Riahi et al., 2017, Fricko
et al., 2017], and climate pathways. This approach allows to explicitly relate carrying capacities definition
to TAMs and SSPs [Lund et al., 2025, Lejeune et al., 2026, Clausen et al., 2025], as introduced in recent
studies [Lund et al., 2025, Lejeune et al., 2026, Clausen et al., 2025]. The authors of [Lejeune et al., 2026]
argued® that the allocation of an environmental space should be based on a future context leading to
1.9 W/m? by 2100. Their study further mentions that ”allocating a share of the SOS using data from
an SSP scenario of an IAM model not only provides a meaningful backbone since it ensures a possible
path towards the operation of human activities within the SOS for climate change (...). Also, these SSP
scenarios inherently tackle the social aspect as they maximise socio-economic welfare at regional levels to
meet a climate target. However, no study comprehensively uses an SSP (SSP1-1.9) scenario to allocate
a share of the SOS”.

Annual emissions estimation

Most studies distribute GHG or COs budgets over time such that decisions can be related to it in the
context of operationalization and decision making, i.e., enabling the benchmarking of annual impacts.
Annual emissions can therefore be extracted directly from IAMs, or by distributing the budget over time
(e.g., equally across all remaining years, linearly, exponentially, etc) [Hadziosmanovic et al., 2022].

In the AESA literature, studies [Gebara and Laurent, 2023, Vazquez et al., 2023] also evaluate the
annual average emissions that could be emitted for a year ¢, based on the total budget from a reference year

5The authors of [Lejeune et al., 2026] also mention that "no SSP combination will lead to human operation within the
SOS by 2100. According to [Meinshausen et al., 2020], the closest matching combination is SSP1-1.9 with mitigation to 350
ppm CO» by 2150 and RF of approximately 1.5 W/m? (upper uncertainty zone of the radiative forcing boundary) by 2300”.

12
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to the time horizon (e.g., 2100) and the previous historical emissions. This is expressed mathematically
by the authors of [Vazquez et al., 2023] as follows:

CC:tOﬁf t t
2100— Y
(j(je(t) = ; c“ﬁga__ t=t—1 (3)
OO i Vet gy 11
2100—¢ €{to+1,...,tr}

where C’C’gto’tf is the total emissions budget from ¢, (reference year) until t; = 2100, and CV,; the
control variable for emissions at a given year t.

This can also be applied to obtain an average constant value for emissions until ¢y = 2100. For
instance, the authors of [Gebara and Laurent, 2023] benchmarked values from [Robiou du Pont et al.,
2017] against annual impacts by distributing the budgets equally over the assessed period (i.e. 83 years),
after correcting for historical emissions from 2010 to 2018. The authors in [Gebara and Laurent, 2023]
motivate the choice of the time horizon for climate change (i.e., 2100) by existing models, scenarios, and
pathways suggesting possibilities to bring current levels of impacts below thresholds. They obtained the
final thresholds for the 2°C of 16.6 GtCOzeq/yr (min-max: 10.7-26.9 GtCOzeq) and for the 1.5°C of 9.5
GtCOgeq/yr (min-max: 1.4-17.1 GtCOzeq). The authors in [Gebara and Laurent, 2023] also relied on
TAM models, although they pointed out that no emission budget was currently available in the literature
to align with the planetary boundaries from the PB framework [Rockstrom et al., 2009b, Steffen et al.,
2015]. They hence applied the open source MAGICC” climate model [Meinshausen et al., 2011] to form
scenarios consistent with reaching a radiative forcing of 1 W/m? and an atmospheric COs concentration
of 350 ppm COg3 in 2100. The resulting mean budget estimates were found to be -60 GtCOzeq (min-max:
-139-17 GtCOgeq) and 484 GtCOzeq (min-max: 431-556 GtCOsgeq) for 1 W/m? and 350 ppm COs, re-
spectively. This led to corresponding annual average thresholds used in their assessment (for the reference
year 2018) equal to -0.72 and 5.8 GtCOseq/yr for the PBs of 1 W/m? and 350 ppm COas, respectively.
It is important to highlight that ”"the cumulative budget over the full period should therefore be consid-
ered as the original threshold, whilst the annual mean value seeks to express the budget on an annual
basis” [Gebara and Laurent, 2023].

However, we argue that the annual average approach for distributing budgets over time has (at
least) two main limitations. First, it is unrealistic and difficult to interpret because it does not consider
transition from current state to a potential future and because constant average emissions is not capturing
socio-technico-economic system’s dynamics. Then, it is only valid from a budget-to-2100 point of view if
historical emissions get back to the annual average at some point and stick to it afterwards. Consequently,
the next sections introduce the systematic approach proposed in this work for defining alternative carrying
capacities for climate change in the context of AESA studies.

"http://www.magicc.org/
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4.3 Systematic definition of alternative dynamic carrying capacities for climate change

This section details the general systematic approach used in this work to define global dynamic car-
rying capacity for climate change, i.e., GHG and COy emissions. This extends the approach proposed in
recent studies [Lund et al., 2025, Lejeune et al., 2026] and proposes a systematic way to further include SSP
scenarios in AESA studies, as an explicit parameter. Budgets are estimated based on TAM-SSP-climate
pathways data from the International Institute for Applied Systems Analysis (ITASA) database [Byers
et al., 2022] and historic data over the period (tpist,0 — thist,f) are used to harmonize emissions in the
harmonization year t, = t;o. This allows to provide budgets for any specific study period (ts0 — ts )
of interest (with 2000 < t50 < tpist,r and tsp < 2100, t50 < tsf), which ensures flexibility for a wide
range of AESA studies. A high-level overview of the systematic approach is depicted in Figure 3, and
each step is further detailed in the following sections. This systematic approach is implemented in the
pyaesa Python package supporting the UNCASExt framework.
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IIASA database Global Carbon
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Figure 3: Systematic approach to define alternative climate change carrying capacities for a study period
(ts0 — ts,f) of interest.

When defining the carrying capacity for climate change, a decision must be made regarding whether
or not Land Use, Land-Use Change, and Forestry (LULUCF) emissions must be part of the emissions
to be shared. In fact, the authors of [Robiou du Pont et al., 2017] argue that ”emissions of the LU-
LUCEF sector are not considered by all parties as part of the emissions scope to be negotiated. Moreover,
no universal accounting method of positive or negative LULUCF emissions is currently in place. This
therefore supports the exclusion of LULUCF emissions from the global scenarios before allocating their
emissions across countries”. In practice, LULUCF emissions are a subset® of AFOLU emissions, which
could therefore extend the concern to AFOLU emissions. To ensure flexibility and consistency in the

8LULUCEF emissions can be a significant subset of AFOLU emissions. In fact, Figure 7.3 in the IPCC AR6 report (WGIII,
Chapter 7) shows that LULUCF (CO2) emissions represent more than 50% of the annual AFOLU (GHG) emissions.
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definition of the carrying capacity, both options are implemented in this work, i.e., carrying capacity
including and excluding AFOLU emissions.

In the following sections, GHG emissions are understood as Kyoto Gases emissions. The decision of
focusing on GHG emissions rather than COy emissions is motivated by the aim to capture more entities
than COo, as this is the case in LCA for the climate change impact category. Nevertheless, including non-
COz emissions in emissions budgets is also criticized in the literature [Hadziosmanovic et al., 2022], since
this involves several temporal and physical uncertainties?. Yet, the authors in [Hadziosmanovic et al.,
2022] point out that it is important that future research explores more scientifically robust approaches to
guide non-COy mitigation. To ensure flexibility and consistency in the definition of the carrying capacity,
both options are implemented in this work as illustrated in Figure 3, i.e., carrying capacity definition for
GHG emissions and CO3 emissions. It is important to remind that the carrying capacity is the budget
over the study period, not the yearly emissions [Gebara and Laurent, 2023]. The temporal horizon 2100
is usually chosen as it is a long-term time horizon used in most climate models. The 2100 horizon is
therefore also chosen in this study.

4.3.1 Estimation of historical emissions (GHG and CO; emissions)

4.3.1.1 Data extraction

Historic data are extracted from two sources, namely PRIMAP-hist!? v2.7 [Giitschow et al., 2025]
and the Global Carbon Project (GCP) [Friedlingstein et al., 2024]. This choice is mainly supported by
their use in the context of the ARG, which reinforce internal consistency. A third source is considered for
historical emissions in order to have an external comparison. This relies on the historical data file from
the ITASA ARG database, which is based on EDGAR data from [Minx et al., 2021], 2021 update of their
dataset (v4)'L.

PRIMAP-hist data are provided both including and excluding LULUCF contributions'?, which is
useful to estimate AFOLU emissions, as detailed in the following section. However, PRIMAP-hist data
do not include emissions from international aviation and shipping (IAS). These emissions are therefore
taken from the Global Carbon Project (GCP) data, more specifically from their national fossil carbon
emissions modeling (territorial emissions). Emissions from IAS are assumed to be best represented by
bunkers emissions in GCP, as they capture emissions from both international aviation and maritime
transport. As GCP only report CO2 emissions (no GHG emissions) for IAS emissions, IAS emissions
may be underestimated for GHG emissions.

9The authors in [Hadziosmanovic et al., 2022] mention for instance variations in scenarios regarding the assumptions
made about future non-CO» mitigation strategies, and additional uncertainties related to the radiative forcing and response
of non-CO3 emissions (e.g., short-lived climate pollutants like methane do not accumulate in the climate system in the same
way in which CO2 emissions do.

9As detailed on the PRIMAP-hist documentation [Giitschow et al., 2025], ” The PRIMAP-hist dataset combines several
published datasets to create a comprehensive set of greenhouse gas emission pathways for every country and Kyoto gas,
covering the years 1750 to 2024, and almost all UNFCCC (United Nations Framework Convention on Climate Change)
member states as well as most non-UNFCCC territories. The data resolves the main IPCC (Intergovernmental Panel on
Climate Change) 2006 categories”.

"'Note that a newer version is now available (v6) thanks to an update in 2022 [Minx et al., 2022].

'2As detailed by PRIMAP-hist documentation [Giitschow et al., 2025], ”Version 2.7 of the PRIMAP-hist dataset does
not include emissions from Land Use, Land-Use Change, and Forestry (LULUCF) in the main file. LULUCF data are
included in the file with increased number of significant digits and have to be used with care as they are constructed from
different sources using different methodologies and are not harmonized. (...) Emissions from Land Use, Land-Use Change,
and Forestry (LULUCF) are included in the version without rounding as users need to take extra care when using LULUCF
data because changes some of the year-to-year changes in the data come from using different sources or methodology changes
within a source rather than changes in actual emissions.”
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For PRIMAP-hist data, the ARGGWP100 variable was used for GHG emissions (Kyoto Gases) and
the HISTTP scenario was selected!3, i.e., third-party data are prioritized over country-reported data.

4.3.1.2 Data processing

Given that only global carrying capacities are to be defined in the UNCASExt framework, only emis-
sions reported at the World level are considered for historical emissions (no distinction at the national
level).

While PRIMAP-hist start reporting historical emissions in 1750, GCP provides data since 1850. Given
that GCP data are only used for bunkers emissions and given that these emissions are reported to be
zero before 1950, the start year of historic data ¢}, o can be set to the one from PRIMAP-hist (i.e., 1750).
However, the end year of historic data tj_ s is set to the last year of GCP data (2023) to ensure that the
scope of each historic data point is consistent. After this processing step, historic data used in this study
therefore encompasses IAS emissions.

Finally, AFOLU contributions in historic data are estimated based on the PRIMAP-hist definitions of
AFOLU emissions. As detailed in PRIMAP-hist documentation [Giitschow et al., 2025], ” PRIMA P-hist
uses a distinction between agriculture and Land Use, Land Use Change and Forestry which are combined
into the AFOLU sector in IPCC2006 categories. Thus, in contrast to the standard IPCC 2006 categories,
category 8 7 Agriculture, Forestry, and Other Land Use” is subdivided as follows:”

e (3) Agriculture, Forestry, and Other Land Use (AFOLU)!*

— (M.AG) AG Agriculture
* (3.A) Livestock
* (M.AG.ELV) Agriculture excluding Livestock

e (M.LULUCF) Land Use, Land Use Change, and Forestry

In the general organization of PRIMAP-hist data [Giitschow et al., 2025], this is summarized by:
e (0) National Total

— (M.0.EL) Total emissions excluding LULUCF
% (1) Energy
% (2) Industrial Processes and Product Use
* (4) Waste
% (5) Other
* (M.AG)
— (M.LULUCF) Land Use, Land Use Change, and Forestry

Given that PRIMAP-hist comes by default excluding LULUCF emissions, M.AG emissions should
be substracted from M.0.EL emissions to obtain historical emissions excluding AFOLU. On the con-
trary, historical emissions including AFOLU are obtain simply by adding LULUCF emissions, as M.AG
emissions are already accounted for in M.0.EL emissions. Adopting the nomenclature commonly used in
the integrated assessment modeling community, the estimation of historical emissions can therefore be
expressed as follows:

13Choosing the HISTCR scenario (i.e., country-reported data are prioritized over third-party data) would lead to a decrease
of total cumulative emissions (1750-2023) ranging from less than 1% up to 6%.

MPRIMAP-hist data for LULUCF emissions and Agriculture emissions is limited to three gazes, i.e., COs, CHy4, N2O.
National total (M.0.EL) emissions are however also accounting for F-gazes, in line with the list of Kyoto gases.
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Table 3: Historical variables.

Variable

Expression

Emissions|CO2

Emissions|CO2|WO AFOLU

Emissions| CO2|M.0.EL

+ Emissions| CO2[M.LULUCF
+ Emissions|CO2|Bunkers
Emissions|CO2|M.0.EL

- Emissions| CO2|M.AG

+ Emissions|CO2|Bunkers

Emissions|Kyoto Gases

Emissions|Kyoto Gasesl WO AFOLU

Emissions|Kyoto Gases|M.0.EL

+ Emissions|Kyoto Gases M.LULUCF
+ Emissions|CO2|Bunkers
Emissions|Kyoto Gases|M.0.EL

- Emissions|Kyoto Gases|M.AG

+ Emissions|CO2|Bunkers

The resulting historical emissions for GHG and CO» emissions are depicted in Figure 4, which provides
important observations. First, it appears clearly that LULUCF emissions from PRIMAP-hist embeds a
sudden drop of Kyoto gases LULUCF emissions around 1990, both in the case of GHG emissions and
COg emissions. Then, emissions from bunkers (IAS emissions) account for up to 2.4% (2.8%) of total
GHG emissions (incl. and excl. AFOLU emissions, respectively) and up to 3.2% (3.3%) of total COq
emissions (incl. and excl. AFOLU emissions, respectively). In addition, Figure 4 shows that agriculture
emissions are mostly made of other GHG than COs, i.e., CH; and N5O. Finally, the comparison with
the EDGAR data (including AFOLU) suggests that GHG emissions (including AFOLU) in PRIMAP-
hist may be underestimated, or at least belong to the lower range of EDGAR data for GHG and CO,

emissions [Minx et al., 2021].
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Figure 4: Historical (a) GHG emissions and (b) CO2 emissions based on data from PRIMAP-hist and

Global Carbon Project (for IAS emissions).

The red-shaded area represents the range of historical

emissions reported in [Minx et al., 2021] (EDGAR data, v4), with the solid red line being the reference

values in the dataset.
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4.3.2 Estimation of (harmonized) GHG and CO; budgets and annual emissions

4.3.2.1 Data extraction

The ITASA Energy, Climate, and Environment Program hosts a suite of Scenario Explorer instances
and related database infrastructure! to support analysis of integrated-assessment pathways in Intergov-
ernmental Panel on Climate Change (IPCC) reports and model comparison projects. In particular, the
ARG Scenario Explorer [Byers et al., 2022] (AR6-public) hosted by IIASA was selected in this work as it
is the most update SE (2022) and because it presents an ensemble of quantitative, model-based pathways
underpinning the Sixth Assessment Report (AR6) of Working Group III by the IPCC. GHG and CO,
emissions pathways are directly extracted from the IIASA database [Byers et al., 2022].

4.3.2.2 Data processing
Filtering

Given that only global carrying capacities are to be defined, only data relevant at the World level are
considered (no distinction at the national level).

Among close to 1800 variables available in the AR6 Scenario Explorer, a subset of 17 variables were
selected, as listed in Table 4. These variables are sufficient in the context of this work, in addition to
more than twenty metadata categories. For emissions variables (i.e., Emissions|...), several options
are available in the AR6 database. This includes native emissions variables as the ones reported in Ta-
ble 4, but also infilled'® emissions variables (i.c., AR6 climate diagnostics|Infilled|Emissions|...
and AR6 climate diagnostics|Native-with-Infilled|Emissions|...). However, even though infilled
emissions in the AR6 database aim at comprising a more complete basket of GHGs, they are not avail-
able for all models (leading to incorrect values), and it is unclear if the variables for sub-contributions of
AFOLU emissions are also infilled. Consequently, non-infilled emissions variables are considered in this
work, as reported in Table 4.

Within the AR6 SE, hundreds of models and scenarios can be selected, all providing different path-
ways and capturing different modelling assumptions. More than 100 models are available!” in the AR6
Scenario Explorer. All models-scenarios defined for the World region are considered to capture inter-
model variability in the estimation of GHG and CO2 emissions budgets. This results in more than 2300
scenarios gathered in the AR6 Scenario Explorer, as one model often provide several scenarios.

5n addition to support directly high-profile use cases such as the IPCC’ Sixth Assessment Report (AR6) and the Horizon
2020 project ENGAGE [IIASA, 2025a], ITASA’s modeling platform infrastructure allows the underlying datasets to be
queried directly via a Rest API with the pyam package [IIASA, 2025b]. This creates a very effective environmental to pull
data in a Python workflow.

16The infilling step is described in [Kikstra et al., 2022] as the inference of representative trajectories from the wider
literature to close data gaps in emissions scenarios (such as time evolutions for some individual gas or aerosol species that
are not reported by a given IAM) for missing species. Although there is no unique way to infill scenarios with missing
data [Kikstra et al., 2022], this is often done based on a set of heuristics to infill missing F-gas, carbonaceous aerosols,
synthetic estimates of black and organic carbon, and/or nitrate emissions, among others [Kikstra et al., 2022].

Y"This includes for instance POLES ENGAGE, AIM/CGE 2.0-2.1-2.2, POLES CD-LINKS, WITCHS5.0,
MESSAGEix-GLOBIOM 1.0-1.1, REMIND-MAgPIE, IMAGE, among others. 110 models are available in the
” AR6_Scenarios_Database_World_v1.1.csv” file while about 189 models are available from the server at the time of
writing. Nevertheless, considering only World as the target region provides the same list.
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Table 4: Subset of included variables from the ITASA ARG scenario explorer.

Variable Unit Description (IIASA AR6 SE)

Emissions|CO2 MtCOy yr—! Total net-COq emissions from all sources

Emissions|CO2|Energy MtCOy yr—t CO3 emissions from energy use on supply and demand side (IPCC category 1A, 1B)

Emissions|CO2|Industrial Processes MtCO; yrt CO2 emissions from industrial processes (IPCC categories 2A, B, C, E)

Emissions|CO2|Energy and Industrial Processes MtCOy yr—! CO3 emissions from energy use on supply and demand side (IPCC category 1A, 1B)
and from industrial processes (IPCC categories 2A, B, C, E)

Emissions|CO2|Waste MtCOq yr~! No description

Emissions|CO2|Other MtCO2 y7"1 CO» emissions from other sources

Emissions| CO2|AFOLU MtCOy yr—? CO4 emissions from agriculture, forestry and other land use (IPCC category 3)

Emissions| CO2|AFOLU|Land MtCOg yr—? CO2|AFOL emissions from forestry and other land use

Emissions| CH4|AFOLU MtCHy yr—! CH,4 emissions from agriculture, forestry and other land use (IPCC category 3)

Emissions|N20|AFOLU ktNoO yr~! N3O emissions from agriculture, forestry and other land use (IPCC category 3)

Emissions|Kyoto Gases MtCOgeq yr~'  No description

Carbon Sequestration|CCS MtCOy yr—Tt Total carbon dioxide emissions captured and stored in geological deposits (e.g. in
depleted oil and gas fields, unmined coal seams, saline aquifers) and the deep ocean.

Carbon Sequestration|Direct Air Capture MtCOy yr—t Total carbon dioxide sequestered through direct air capture

Carbon Sequestration|Enhanced Weathering MtCOy yr—! Total carbon dioxide sequestered through enhanced weathering

Carbon Sequestration|Feedstocks MtCOq yr—! Total carbon dioxide sequestered in feedstocks (e.g., lubricants, asphalt, plastics)

Carbon Sequestration|Land Use MtCOg yr—! Total carbon dioxide sequestered through land-based sinks (e.g., afforestation, soil
carbon enhancement, biochar)

Carbon Sequestration|Other MtCOg yr—? Total carbon dioxide sequestered through other techniques

According to AR6 documentation, stored amounts should be reported as positive numbers for carbon sequestration.
Note that Emissions|CO2 and Emissions|Kyoto Gases variables are renamed to Emissions(net)|CO2 and Emissions(net)|Kyoto Gases in pyaesa for the sake of clarity.

Among all available models and scenarios, only a subset of scenarios are considered while others are
filtered out. The conditions'® for a scenario to be considered in the UNCASExt framework are threefold:

1. being explicitly associated to a category ranging from C1 to C4 (see Table 5) and,

2. being associated to a shared socio-economic pathway (SSP) [Riahi et al., 2017, Fricko et al.,
2017] family (SPP1 to SSP5), and

3. being a vetted scenario (vetting "pass”) in the ITASA ARG database, i.e., complying with reporting
standards and being within ranges of uncertainty [Kikstra et al., 2022].

This specific filtering is motivated by three reasons. The first reason is that we want the definition
of the carrying capacity to be explicitly related to a level of risk, associated with the average warming
of surface temperature by 2100, which is captured by the category'® and illustrated in the Figure 6.
The main goal is to directly support policy-making in the definition of the global carrying capacity by
choosing a level of risk that is aligned either with an ambitious understanding of the Paris Agreement (PA)
objectives (1.5°C of global warming in 2100) or with a more relaxed understanding of the PA objectives
(2°C of global warming in 2100).

The second reason is that each scenario must be clearly classified in an SSP family to ensure a match
of the SSP scenario between numerator and denominator of the ASR during the Monte Carlo simulations.
In practice, if premise is used for generating results for the numerator, only a subset of SSP family could
be used as premise only covers SSP1, SSP2, SSP3 and SSP5. Morevoer, only SSP1 to SSP3 are associated
with a maximum of 2°C of global warming in premise, hence limiting the scope to SSP1 to SSP3.

The third reason is that to ensure consistency of scenarios, only vetted scenarios are included.

Some additional filters are applied to ensure that budgets estimation could be carried out properly.
Scenarios must for instance provide data such that t,, 0 < tso and ¢, ; = 2100 (to ensure that all re-
maining budgets computed for ¢ > ¢, ; rely on models-scenarios defined until the same time horizon), and

18Note that this filtering can be modified by the user if it is needed to cover a wider range of categories, or to include
non-vetted scenarios for instance.

¥9C1: limit warming to 1.5°C (>50%) with no or limited overshoot, C2: return warming to 1.5C (>50%) after a high
overshoot’, C3: limit warming to 2°C (>67%), C4: limit warming to 2°C (>50%), C5: limit warming to 2.5C (>50%), C6:
limit warming to 3C (>50%), C7: limit warming to 4°C (>50%).
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Figure 5: Effect of filtering all models-scenarios available in the AR6-public database according to (i)
categories, (ii) SSPs, and (iii) vetted scenarios. The bar plot for each filter shows the resulting combination
of current and previous filters, i.e., the last bar plot shows the combinations of the three filters.
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Figure 6: Median warming in 2100 (according to MAGICCv7.5.3) for all models-scenarios available after
the filtering process on the AR6-public database. Models-scenarios are sorted by category and SSP, which
clearly shows the increasing temperature in 2100 for higher categories.

provide data for the AFOLU selected variables (to allow the estimation of AFOLU emissions). An other
filtering step is that only scenarios for which the variable 'Emissions|CO2’ can be reconstructed from
its sub-contributions (see in Table 4) with an error below an arbitrary threshold chosen to be 0.001%
(of total cumulative COy emissions over the whole the model period) are considered. In practice, this
filter out about 10% of pre-filtered models-scenarios. For a study period 2019-2060, the filtering process
ultimately yields a total of 494 scenarios considered, i.e., about 21% of all available scenarios in the
ITASA ARG6-public database. The number of scenarios drop from 581 to 524 with the extra-filtering steps
while the numbers of models considered drop from 37 to 27. As illustrated in Figure 5, the filtering on
"Categories’ is responsible for the most significant decrease of included scenarios, i.e., about 70% of the
ARG explorer scenarios are filtered out.
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Table 5: Temperature classification rules used in AR6 WGIII. A scenario is placed in the lowest category
where it meets the classification rule [Kikstra et al., 2022].

Category Description Classification rules

C1 Limit warming to 1.5°C (>50%) with no or limited overshoot = <1.5°C peak warming with >33% chance
and <1.5°C end of century warming with
>50% chance

C2 return warming to 1.5°C (>50%) after a high overshoot <1.5°C peak warming with <33% chance
and <1.5°C end of century warming with
>50% chance

C3 Limit warming to 2°C (>67%) <2°C peak warming with >67% chance
C4 Limit warming to 2°C (>50%) <2°C peak warming with >50% chance
Interpolation

For all included scenarios, an interpolation of emissions is needed on the AR6 Scenario Explorer given
that most scenarios provide data every 5 (or 10) years. Linear interpolation is hence carried out with an
annual time step to provide annual emissions from the model base year t,, ¢ to the model time horizon
tm,f, i-e., 2100.

Scope alignment

Emissions from IAS are assumed to be included as variables exist in the AR6-public database for
aviation (e.g., capacity, energy, COaq, etc), hence suggesting at least the inclusion of aviation.

AFOLU emissions

The AR6 Scenario Explorer does not provide explicit variables for GHG emissions emissions excluding
AFOLU emissions. Nevertheless, variables are provided for GHG emissions emissions (including AFOLU
emissions) together with variables for AFOLU emissions for COy, CHy, NoO. AFOLU emissions in the
ARG ITASA database [Byers et al., 2022] are reported in the documentation as ”emissions from agricul-
ture, forestry and other land use (IPCC category 3)”. This therefore suggests?’ that AFOLU emissions
(covering agriculture, forestry and other land use) are included by default in Emissions|Kyoto Gases and
Emissions|CO2. The contributions of LULUCF emissions in AFOLU emissions are captured in the vari-
ables Emissions| CO2|AFOLU|Land, Emissions| CH4/AFOLU|Land, and Emissions|N20|AFOLU|Land.
GHG emissions excluding AFOLU emissions are therefore estimated in this work by removing AFOLU
emissions of these three GHG. AR6 characterization factors (AR6 WG I, Chapter 7; Section 7.6.1.1) are
used to obtain emissions in COqeq, as the emissions of these three gases are provided in native emissions
for each gas. Specifically, CFco2 = 1 MtCO2eq/MtCO2, CFopgs = 27 MtCOg2eq/MtCHy, and CF n90
= 278 MtCOzeq/MtN5O. COy emissions excluding AFOLU emissions are obtained by simply removing
the Emissions| CO2|AFOLU emissions, as detailed in Table 6. This is applied independently for each
model-scenario.

29More explicit documentation could not be found, to the best of our knowledge.
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Table 6: Variables including and excluding AFOLU.

Variable Expression
Emissions|CO2|WO AFOLU Emissions|CO2

- Emissions| CO2|AFOLU
Emissions|Kyoto Gases| AFOLU CFcp2 X Emissions| CO2|[AFOLU

+ CFcr4 X Emissions| CH4|AFOLU

+ CFpn20 x Emissions|N20|AFOLU
Emissions|Kyoto Gasesl WO AFOLU Emissions|Kyoto Gases

- Emissions|Kyoto Gases| AFOLU

Note that Emissions|CO2[WO AFOLU, and Emissions|Kyoto GasesfWO AFOLU variables are renamed to
Emissions(net)|CO2|WO AFOLU, and Emissions(net)|Kyoto GasesfWO AFOLU in pyaesa for the sake of clarity.

4.3.2.3 Emissions harmonization

In practice, it is very unlikely that the first year of the study period ¢s o always fits with the model
base year t,, 0. Not accounting for this difference in the start year can introduce a distortion on the total
cumulative emissions, which will therefore not be consistent with the original features and properties of
the scenario. Moreover, considering several scenarios from different models brings additional complexity
to this challenge, as models-scenarios often start in a different different base year t¢,, 9. Nevertheless,
this situation is not new in the integrated assessment modeling community given that new IAM keep
on being developed (with different t,, ) while requiring comparison to older IAMs. This can be done
through emissions harmonization [Gidden et al., 2018], which refers to the process used to match
emissions results from TAMs against a common source of historical emissions (GHG, COg, etc). As
explained in [Gidden et al., 2018], the main goals of emissions harmonization are (i) to align model
results in the harmonization year to a common historical data source, (ii) to faithfully represent the
original TAMs internal consistency between the driver of emissions and emissions, and (iii) to maintain
critical parameters from the original scenario design. In other words, this hence ensures that resulting
future trajectories are consistent with the original modeled results while providing a smooth transition
from the common historical data. Harmonization is a common exercise in the IAM community and this
can be carried out with different methods and with different levels of granularity, e.g., accounting for
sectoral dimensions, accounting for several emissions species, etc. The authors in [Gidden et al., 2018]
have proposed a methodology and implementation (see anearis Python package) for automated emissions
harmonization for IAMs, which mostly contributes to improving the situation where harmonization is
carried out separately by individual modeling teams with different methods. However, the anearis
package described by the authors could not be found on conda-forge or PyPi for installation. Moreover,
the scope of this work does not require advanced harmonization given that only global emissions (GHG and
COz2) must be harmonized. Consequently, emissions harmonization in this study is inspired from [Gidden
et al., 2018], but not implemented through the anearis Python package (see future works discussion in
Section 4.3.3).

In particular, both constant and reduced offset methods are applied for global emissions harmonization
based on historical data (see Section 4.3.1). The use of reduced offset method for the harmonization
ensures that in the presence of negative emissions, the first year of negative emissions is preserved (together
with the emissions after that year). In fact, the authors in [Gidden et al., 2018] highlight how important it
is for trajectories with negative emissions to match as closely as possible the timing and total magnitude
of negative emissions. The emissions harmonization based on the offset method is implemented according
to the following equations,
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mh(t) = h(t)  (for tmo <t <tp)

1 o
mh(t) = m(t) + m ti;ﬂyo(m(ti) — h(tl)) (fOI' th <t< tm7f) (4)

cumulative difference

yearly correction

where h(t) is the annual historical emissions in year ¢ (as defined in Section 4.3.1), m(t) is the annual
emissions of the model-scenario in year ¢, m”(t) is the harmonized annual emissions of the model-scenario
in year ¢, t,, o is the model base year, t,, ¢ is the time horizon of the model (last year reported data, i.e.,
2100), tp is the harmonization year, and t.on, is the convergence year where the harmonized emissions
converge to the original model-scenario emissions. For the reduced offset, teony is set to the first year or
negative emissions whereas for the constant offset, tcony = tm, r. In practice, if model-scenario emissions
are lower than historical emissions over the period t,,o to t5, the yearly correction becomes negative.
In that case, setting fcony to the first year of negative emissions is not a sufficient condition to ensure
that harmonized emissions have the same first year negative emissions. In fact, if the yearly correction is
greater (in absolute terms) than the emissions in a previous year, then the first year of negative emissions
will be reached earlier in harmonized emissions. Consequently, t.ony is iteratively decreased (one year at
a time) to ensure that the original year of first negative emissions is preserved after emissions harmoniza-
tion. Note that a log data file is generated by the code in pyaesa after harmonization, which provides
for each scenario the harmonization method applied, the yearly correction, the final value of .4y, and
the error on both harmonized cumulative emissions (from ¢,, o to t,, y) and first year of negative emissions.

Additional details regarding the harmonization process are provided in Figure 7, Figure 8, and Figure 9
for ¢, = ts0 = 2019. More specifically, Figure 8(a) shows that cumulative GHG emissions (WO AFOLU)
from all models considered are statistically relatively well aligned with historical emissions (WO AFOLU).
This is not necessarily the case for the three other variables where model cumulative emissions are
statistically (i) higher for GHG and COg2 emissions including AFOLU, and (ii) lower for CO2 emissions
excluding AFOLU. An explanation for (i) could be that historical emissions including AFOLU reported
in PRIMAP-hist may be underestimated, as discussed in Section 4.3.1. Figure 8(b) shows that yearly
correction applied during the harmonization are bounded between -1.6 and +0.7 GtCOgeq yr~!, while it
can go down to -1.7 GtCOseq yr~! and up to +5 GtCOqeq yr~! in for other variables. All details are
available in the harmonization log file generated by pyaesa. Figure 9 shows that the total cumulative
effect of harmonization is relatively small, which is similar to the finding of [Kikstra et al., 2022] for the
period 2020-2100 (note that the study carries out emissions infilling on top of harmonization, whereas
this work is limited to emissions harmonization).
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Figure 7: (a) Emissions pathways without harmonization and historical emissions for the corresponding
variable. (b) Harmonized emissions pathways (¢, = t;0 = 2019) based on historical emissions estimated
in Section 4.3.1.

(@) (b)
Emissions|CO2 Emissions|CO2|WO AFOLU Emissions|Kyoto Gases Emissions|Kyoto Gases|WO AFOLU
n=502 n=502 n=469 n=469
oo 1207 1 G 1.2 1 1
ERRER ; s ——
T o o 8
2% 1.10 1 g2 1.1 1
~
_g_g 1.05 g %’.g
é% 1.00{ =——=====d===o=T . B EE é'—é 1.0 =======mommm o { mmmmm e
£ —
33 0.95 1 33 —
0.90 4 T T T - T T T 091 T T T L T T T
Emissions|CO2 Emissions|CO2|WO AFOLU Emissions|Kyoto Gases Emissions|Kyoto Gases|WO AFOLU
n=502 n=502 n=469 n=469
— 3000 1 e 1
4000 - E
S 55 2000 ;
gs 83 -
58 2000 - , 58 1000+ 1
[sX e} US
>z >
E = § 8 0 o ] ——— — - o ] ————— -
g 0 4 - OEEEEE EEE—_ _ | -~ - ¢=
-1 —1000 A —_— 1 N

Figure 8: Details regarding the harmonization process for the period 2019-2100. For (a) COq emissions
and (b) GHG emissions (both excluding and including AFOLU emissions), the distribution is provided
for the ratio between cumulative emissions of the models and historical emissions until the harmonization
year tp, and the resulting yearly correction applied from ¢ to tcony. The number of scenarios (pathways)
considered is provided for each variable (n=#).

4.3.2.4 Estimation of gross emissions

Estimating net budgets for CO2 and GHG emissions over a given time period is useful, but it has a
major drawback for applications in AESA. As discussed in the manuscript, justice distributive theories
used for sharing principles during the allocation are based on ethics for distributing a limited resource
(here a quantity of emissions), not for distributing an obligation to sequestrate emissions as it would be
the case with negative yearly emissions (or negative budgets). Consequently, we propose to split gross
and negative emissions based on harmonized net emissions. This approach is similar to the approach pro-
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Figure 9: Effect of the harmonization process on (a) COgz emissions budgets and (b) GHG emissions
budgets (both excluding and including AFOLU emissions) for the period 2019-2100.

posed in [Lejeune et al., 2026] for the hydrogen production sub-sector (within the energy sector), although
different as it aims to be applicable for global carrying capacities for several countries and sectors (not
only for a specific sector). The approach proposed in this work is further detailed in the following sections.

Negative emissions and carbon sequestration

First, negative emissions are estimated based on ARG explorer variables for carbon sequestration.
More than 30 variables are available in the AR6 explorer for carbon sequestration, but several of them
are sub-contributions that come down to six subsets, i.e., CCS (carbon capture and storage), Direct Air
Capture, Enhanced Weathering, Feedstocks, Land Use, Other. Among those, Carbon Sequestration|CCS
is of a specific a nature as it covers total carbon dioxide emissions from bioenergy use and fossil fuel use
captured and stored in geological deposits and the deep ocean, before being released in the atmosphere, as
detailed in Table 4. On the contrary, variables for Direct Air Capture, Enhanced Weathering, Feedstocks,
Land Use, and Other capture solutions that aims at sequestrating carbon from the atmosphere after being
released.

This work hence defines two subsets of carbon sequestration variables as detailed below, i.e., Carbon
Sequestration|Total and Carbon Sequestration|Subtotal seq. An overview of all carbon sequestrations
contributions split by categories is provided in Figure 10. This clearly highlights the high reliance on
carbon sequestration in emissions pathways, mostly after 2030-2040. Moreover, it appears clearly that
biggest contributions to Sequestration|Subtotal_seq are from Carbon Sequestration|Land Use and Car-
bon Sequestration|Direct Air Capture, whereas biggest contributions for Carbon Sequestration|Total is
Sequestration|CCS.

Table 7: Sequestration variables.

Variable Expression

Carbon Sequestration|Subtotal_seq Carbon Sequestration|Direct Air Capture
+ Carbon Sequestration|Enhanced Weathering
+ Carbon Sequestration|Feedstocks
+ Carbon Sequestration|Land Use
+ Carbon Sequestration|Other

Carbon Sequestration|Total Carbon Sequestration|Subtotal_seq
+ Carbon Sequestration|CCS
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Figure 10: Carbon sequestration contributions by categories (C1 to C4) for all models-scenarios considered
in this work, i.e., with data available in ¢5 o = 2019. Data is shown over the full models definition period
(until 2100). This improves the understanding of the different sequestration contributions for both Carbon
Sequestration|Subtotal seq and Carbon Sequestration|Total. Note that in the AR6 explorer, all carbon
sequestration variables should be reported as positive numbers. However, this is not the case for all
scenarios. In fact, 66 scenarios (all from IMAGE3.0 and IMAGE3.0.1 models) are filtered out as they
have carbon sequestration negative values.

Gross and gross,; emissions

Once carbon sequestrations have been computed, gross emissions are estimated for each harmo-
nized variable by removing carbon sequestration contributions. Two approaches are considered based
on the two subsets of carbon sequestration variables, i.e., Carbon Sequestration|Total and Carbon
Sequestration|Subtotal seq. On one side, removing all carbon sequestration (Carbon Sequestration|Total)
provides the gross emissions. On the other side, removing all carbon sequestration except CCS contri-
butions (Carbon Sequestration|Subtotal seq) provides an alternative gross emissions variable (gross_alt),
accounting for sequestration if it is applied directly at the source of emissions, but not for solutions that
alms at sequestrating carbon from the atmosphere as it is the case for contributions from Direct Air
Capture, Enhanced Weathering, Feedstocks, Land Use, and Other.

Once gross (and gross_alt) emissions have been estimated for all available scenarios, only the ones that
are always positive are considered. This ensures that both emissions pathways and budgets will be always
positive and usable as global carrying capacities for AESA allocation. It is important that associated
carbon sequestration emissions and budgets are always considered together with the gross (and gross_alt)
emissions, as the obligation to sequestrate emissions must also be allocated. Nevertheless, this topic is
still scarcely addressed in current AESA literature and must be discussed in future works.

26



uncasext_preprint_arXiv:2606.21465

Table 8: Gross and gross,;; variables.

Variable Expression
Emissions(gross)|CO2 Emissions|CO2

- Carbon Sequestration|Total
Emissions(gross_alt)|CO2 Emissions|CO2

- Carbon Sequestration|Subtotal_seq
Emissions(gross)|[CO2|WO AFOLU Emissions| CO2|[WO AFOLU

- Carbon Sequestration|Total
Emissions(gross_alt)|CO2|WO AFOLU Emissions| CO2|[WO AFOLU

- Carbon Sequestration|Subtotal_seq
Emissions(gross)|Kyoto Gases Emissions|Kyoto Gases

- Carbon Sequestration|Total
Emissions(gross_alt)|Kyoto Gases Emissions|Kyoto Gases

- Carbon Sequestration|Subtotal_seq
Emissions(gross)|[Kyoto Gases|WO AFOLU Emissions|Kyoto Gases| WO AFOLU

- Carbon Sequestration|Total
Emissions(gross_alt)|Kyoto Gases| WO AFOLU Emissions|Kyoto Gases| WO AFOLU

- Carbon Sequestration|Subtotal_seq

Note that Emissions|CO2, Emissions|CO2|WO AFOLU, Emissions|Kyoto Gases, and Emissions|Kyoto Gases| WO AFOLU
variables are renamed to Emissions(net)|CO2, Emissions(net)|CO2|WO AFOLU, Emissions(net)|Kyoto Gases, and
Emissions(net)|Kyoto GasesfWO AFOLU in pyaesa for the sake of clarity.

4.3.2.5 Comparison of net emissions budgets to scientific literature

This subsection compares the (net) budgets obtained for the periods 2010-2100 and 2020-2100 (based
on the methodology described in the previous sections) with results from the scientific literature. This
aims at demonstrating that the approach provides similar results compared to two different studies, over
two different periods.

Comparison for 2010-2100

As pointed out in [Gebara and Laurent, 2023], the study of [Robiou du Pont et al., 2017] is likely one
of the most comprehensive work providing carbon budget estimates including all GHGs based on various
scenarios aligning with the 1.5°C and 2°C targets. Mean values reported in that study focused on the 2010-
2100 period and are based on a selection of pathways and scenarios from the IPCC-AR5 database. The
authors in [Robiou du Pont et al., 2017, Gebara and Laurent, 2023] report 1749 (1260-2598) GtCOqeq
(2C-pre2020peak scenario set) and 1156 (481-1791) GtCOzeq (1.5C-pre2020peak scenario set) for the
period 2010-2100 (see Table 2 in their study). Note that their budgets exclude LULUCF emissions and
exclude bunkers emissions, whereas budgets in this study excludes LULUCF (and agriculture!) emissions
while including bunker emissions?!. According to the description of their scenario set in [Robiou du Pont
et al., 2017] (see Table 1 in their study), the best comparison for the 2C-pre2020peak is assumed to
be the C3 category. For the 1.5C-pre2020peak scenario set, both C1 and C2 can fit. The comparison
is illustrated in Figure 11 and exact values are provided in Table 9. From this comparison, budgets
estimated in this work are aligned with the ones provided in [Robiou du Pont et al., 2017] (and used
in [Gebara and Laurent, 2023]) for the 1.5°C target (categories C1 and C2). More specifically, budgets
in this work seem slightly underestimated (about 8%) compared to [Robiou du Pont et al., 2017] for
C3, while being slightly overestimated (about 5%) for C1. The comparison with category C2 shows that
budgets from this study are overestimated (about 20%) compared to [Robiou du Pont et al., 2017], but
this can mostly be explained by the fact that their 1.5C-pre2020peak scenario is better matched with
category Cl1.

21 As detailed in Section 4.3.1, bunker emissions represent less than 3% of total GHG emissions, which is therefore relatively
marginal
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Table 9: Summary of (net) GHG budgets for 2010 to 2100, sorted by category (climate pathway) and

SSPs.
Category* SSP Models Scenarios GHG budget® [GtCOseq|
familly included  included  (2010-2100)
C1 all available 15 o8 1211 (643-2115)
C2 all available 15 68 1376 (855-1968)
C3 all available 19 207 1614 (1126-2523)
C4 all available 13 106 2031 (1085-2854)

*: C1: limit warming to 1.5°C (>50%) with no or limited overshoot, C2: return warming to 1.5C (>50%) after
a high overshoot’, C8: limit warming to 2C (>67%), C4: limit warming to 2C (>50%), C5: limit warming to
2.5C (>50%), C6: limit warming to 3C (>50%), C7: limit warming to 4°C (>50%).

o: Budgets are provided excluding AFOLU emissions (and including IAS emissions) for both Kyoto

Gases (GHG) emissions.
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Figure 11: (a) Results of the emissions harmonization for the period 2010-2100 with respect to historical
emissions described in Section 4.3.1. (b) Comparison between obtained net budgets for 2010-2100 (based
on harmonized emissions depicted in (a)) and net budgets from the scientific literature [Robiou du Pont
et al., 2017] (depicted in dark green, the median in dashed line and uncertainty in shaded area).
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Comparison for 2020-2100

Another key study published in 2022 [Kikstra et al., 2022] provides in-depth analysis and details
regarding the “climate-assessment” workflow and methods used in the AR6 Working Group III (WGIII).
In particular, the study often provides a clear split by categories for emissions harmonization and infill-
ing, evolution of the global mean surface temperature (GSAT), or Kyoto Gases emissions budgets over
the period 2020-2100 (see Figure 8 in their study). However, emissions budgets distributions are not
provided explicitly in the study for each category. The comparison here is therefore mainly limited to
comparing the range of budgets for categories C1 to C4, as depicted in Figure 12. It is likely that the
study [Kikstra et al., 2022] report Kyoto Gases emissions including AFOLU emissions, but this was not
stated explicitly. Results are therefore compared both including and excluding AFOLU emissions. This
shows that estimated harmonized budgets for Kyoto Gases emissions over the period 2020-2100 are in
a very similar range, i.e., 500 to 2500 GtCOgeq. Nonetheless, their study [Kikstra et al., 2022] carries
out infilling of missing emissions together with emissions harmonization, whereas this work only includes
emissions harmonization to align all models-scenarios with historical emissions at a given harmonization
year tp, = ts 0 = 2020.

Emissions|Kyoto Gases

Emissions|Kyoto Gases|WO AFOLU

2020-2100 2020-2100
e Cl o5 e Cl
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Figure 12: Results of the emissions harmonization for the period 2020-2100 with respect to historical
emissions described in Section 4.3.1. Kyoto Gases emissions budgets per category are reported similarly
to the study in the scientific literature [Kikstra et al., 2022] to allow for a qualitative visual comparison.
The range of Kyoto Gases emissions budgets from [Kikstra et al., 2022] for categories C1 to C4 is depicted
by the dark green shaded area.
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4.3.2.6 Budgets for the study period (2019-2060) and annual harmonized emissions

This subsection provides the emissions budgets for the period of interest in this study, i.e., 2019 to
2060. The pathways (annual values) for each scenario is also provided by the Python package pyaesa.
Budgets are computed based on harmonized emissions as depicted in Figure 13(a), assuming that every
scenario has the same weight. Estimated budgets are illustrated in Figure 13(b) and exact values can be
obtained from pyaesa. Given that the study period ends before 2100 (time horizon for the models), the
remaining budgets for 2061-2100 are also provided in Figure 13(c) to put in perspective the reduction
efforts that will be necessary after t, ¢ (i.e., 2060). Budgets for the study period increases with the
category (median from C1 to C4), although there is significant overlap between the budgets of the
categories. Remaining budgets also show a similar trend, and all of the four categories includes (to some
extent) negative emissions after 2060. Total emissions are always higher for the GHG emissions, as Kyoto
gazes are accounted for on top of COs. The greater variation is assumed to be (partly) due to the different
lifetimes and warming potentials for the different GHG.

The Python package pyaesa can provide emissions budgets for the three approaches (i.e., net budgets,
gross budgets, and gross,;; budgets), for both GHG and COg emissions (including and excluding AFOLU
emissions). This is illustrated in Figure 13 for GHG emissions only, for the sake of conciseness.
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Figure 13: (a) Results of the GHG emissions harmonization for the period 2019-2060 with respect to
historical emissions described in Section 4.3.1. (b) GHG budgets estimated for the study period 2019-

2060. (c¢) Remaining GHG budgets from 2061 to 2100.
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4.3.2.7 Uncertainty and Monte Carlo sampling approach

Similarly to the full SOS definition in the planetary boundary framework, the TAM-SSP-Climate
pathway approach also embeds inherent uncertainty. In fact, there are several models proposing several
scenarios for each category, which turns out into variability in budgets estimation for a defined period of
time. This can eventually be propagated to the estimation of the assigned share of carrying capacities.
Nevertheless, because budgets distribution overlaps, a ratio between the carrying capacity for category
”?Cx” and category ”"Cy” cannot be easily obtained, on the contrary to carrying capacities defined in the
planetary boundary framework as detailed in Section 2.6. In the case of dynamic carrying capacities,
uncertainty is therefore propagated through Monte Carlo simulations, according to uncertainty sources
included by the practitioner, i.e., category uncertainty and inter-model uncertainty.

In practice, one emission pathway is drawn from the list of available scenarios (for a given category
and a given SSP) at each Monte Carlo simulation. Yet, the sampling approach for the Monte Carlo
simulation must be discussed given that it is also a modeling choice. In particular, two main approaches
can be used for the Monte Carlo simulation [Rosenbaum et al., 2017]. One approach (the simplest) is the
simple random sampling, (SRS) which consists in sampling randomly in the list of (harmonized) model-
scenarios available (while ensuring matching with SSP family with the numerator of the ASR). Given
that certain family models are more represented then others, a SRS approach lead to an unbalanced rep-
resentation of models (favoring models that report more scenarios). Yet, this approach has the advantage
to consider the list of scenarios available in the AR6-public database as a reference, without adding an
extra layer of weighting between scenarios. The second approach is the Latin hypercube sampling (LHS),
which consists in first dividing a distribution into segments of equal probability and randomly samples
one value from each segment [Rosenbaum et al., 2017]. In the present case, this translates in giving the
same probability of sampling to each model, and then assume random sampling of scenarios within each
model. This approach therefore balances model representation, but leads to an unbalanced sampling of
scenarios. The effect of adopting a SRS or a LHS sampling approach for the Monte Carlo is depicted??
in Figure 14.

For the case study of interest in this work (2019-2060, Emissions(gross_alt)|Kyoto Gases| WO AFOLU),
this shows that about 19% of the scenarios are over-represented in LHS compared to SRS (up to a factor
10x), while the rest of the scenarios are under-represented (between a factor 1x to 0.1x) compared to
SRS. Yet, this has a limited impact on the final distributions of the estimated budgets, as shown in
Figure 14. In fact, budgets median vary in the extreme case from -10% to +5% if the LHS approach is
selected?®. The SRS sampling method is therefore favored in this work, for its simplicity and because
this has very little impact on the estimated budgets.

22Figure 14 is only provided here for GHG variables, but the same figure can be obtained for COs variables via pyaesa.
23Note that depending on the study period and depending on the variable selected, variation can be more significant, e.g.,
-20% or +40%. This motivates the systematic analysis of the Monte Carlo sampling method, as proposed in this work
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4.3.3 Limitations and future works

Although this work provides as systematic and flexible approach to define dynamic carrying capacities
for GHG and CO9 emissions budgets, it also has limitations as listed below.

This work defines carrying capacities for GHG emissions (and COq emissions), but carrying capacities
for individual gazes in GHG emissions are not considered. This may be further improved in the future,
as GHG have different lifetimes which can leads for instance to non-linear behaviors that are currently
simplified when considering a GWP100 LCIA method.

Interactions between Earth system processes are not considered in carrying capacities definition. They
are all considered as independent, although they have known interactions [Lejeune et al., 2026]. The
quantification of the interactions between boundaries remains a major challenge in the current literature,
even though recent studies have shown that additional or more extensive transgression of one planetary
boundary can change risk gradients for other boundaries [Richardson et al., 2023].

The authors in [Gidden et al., 2018] point out two families of methods for harmonization, i.e., ratio-
based and offset-based. Implementing a ratio-based method could be investigated as future work, together
with integrating the use of anearis to perform the harmonization step. The current implementation
already use the IAM community format for data processing, which should ease the implementation of
suggested future works.

Finally, although emissions harmonization is implemented in this work, infilling of missing emissions
was not carried out. This could be done in future works, as the infilling process in the AR6 was performed
using an open-source Python software package called ‘silicone’ [Lamboll et al., 2020], according to [Kik-
stra et al., 2022]. Infilled emissions variables also exist in the AR6 databases, which could be further
investigated to understand wether those variables could be used instead of the selected variables in Table 4.

In most cases, these limitations are in line with limitations pointed out in literature. Future works can
improve the proposed approach and eventually, update the implementation in Python package pyaesa
once steps have been validated. This would ultimately contribute to an harmonized definition of global
dynamic carrying capacities for climate change in AESA studies.
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Figure 14: (a) Ratio between LHS and SRS probability of being selected in Monte Carlo simulation and
the resulting GHG budgets median for each model-scenario. (b) Impact of the Monte Carlo sampling
approach on the estimated GHG budgets for the simple random sampling (SRS) approach and the Latin
hypercube sampling (LHS) approach. (c) Impact of the Monte Carlo sampling approach on the estimated
remaining GHG budgets from 2061 to 2100.
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