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Abstract

Traditional climate strategies focus on long-term emissions targets, neglecting cumulative CO; emissions
and often limiting their scope to territorial emissions. Additionally, individual citizens struggle to connect
with community targets. This study addresses these issues by computing a comprehensive carbon footprint
pathway that, as a main contribution, can be easily personalized and associated with common carbon
footprint calculators. This approach innovatively leverages inverted “S-shaped” patterns based on logistic
functions that, unlike common linear patterns, have been documented as relevant for diffusion mechanisms
of social or ecological transformations. One challenge lies in efficiently aligning the carbon footprint
figures, expressed in COazeq, With IPCC’s +2°C carbon budgets, expressed in COz-only. This work first
retrieves the current share of CO2-only footprint and then defines two mitigation pathways: one focusing
solely on CO; emissions and one addressing residual GHGs. Except for initial and final emission levels,
both targeted pathways are defined by the same logistic function, based on the assumed intrinsic link
between CO, and the other GHGs. As final targets, the COz-only pathway considers the common net-zero
emission goal while the second pathway considers a level of 1 tCOxq/year per capita of unmitigated non-
CO; emissions, in alignment with IPCC’s latest assumptions and anticipated population growth.

Besides the new +2°C compatible suggested pathways, developing this method for France and Wallonia
has also revealed that they should reach territorial (nature-based) carbon uptake of at least three times their
current levels, necessitating deep land-use changes in their policies (implementing intensive urban
vegetation, alternative agriculture techniques, etc).

Keywords: carbon budget; carbon footprint; greenhouse gases; territorial absorption; nationally
determined contributions; imported emissions; carbon uptake; energy transition; mitigation

pathways; SDG; climate action

Highlights:

. +2°C “equity” carbon budget is linked to carbon footprints, collective or individual

. Individuals can now set their own +2°C compatible carbon footprint mitigation pathway
. Suggested pathways use “S-curves” and address documented issues of climate strategies
. 2050 carbon footprint shall reach 1 tCOzeq/year per capita for France and Wallonia

o Both regions shall achieve a minimum increase of +300% in CO- uptake across all areas
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Introduction

In its Sixth Assessment Report (ARG6), the IPCC has established a remaining carbon
budget of 890 GtCO> for humanity to emit from 1 January 2020 to limit global warming
to +2°C compared to preindustrial levels, with a likelihood of 67% [1]. Indeed, as shown
in Figure 1(a), reported by the IPCC, it is common practice to express the likelihood of



GHG emissions (GtCO.-eqyr')

not exceeding a specific temperature threshold as a percentage. The IPCC also associates
these thresholds with a corresponding cumulative carbon emissions limit, thereby
introducing the notion of carbon budgets [2-4]. Figure 1 actually depicts GHG emissions
mitigation patterns as reported in several studies conducted by recognized organizations.
Unlike the example given in Figure 1(c), the patterns shown in Figure 1(a) and Figure
1(b) do not explicitly refer to the notion of carbon budgets. They are, however, associated
with temperature thresholds, which are implicitly associated with carbon budgets as
represented by the area enclosed by the GHG emissions mitigation curves.

Although carbon budgets are generally expressed in terms of CO,-only emissions
[2-4], it is not the only GHG. In fact, non-CO: contribution to global warming is usually
related to short-lived climate pollutants (SLCPSs), such as methane. As shown in Figure
2, it is well established that, unlike COy, it is the annual rate of emissions, rather than the
cumulative total, that has the strongest effect on peak warming [5]. Therefore, IPCC's
reported remaining carbon budget includes an additional margin of safety to account for
the impact of short-lived climate pollutants (SLCPs) like methane [6,7]. This necessitates
the estimation of non-CO2 GHG emissions at the point when global CO> emissions are
projected to reach net-zero—an inevitability required to adhere to the (finite) carbon
budget paradigm [8].

In the studies collected in IPCC’s work, those estimations were performed by
computing different non-CO, mitigation scenarios all consistent with a carbon neutral
future (implied by the carbon budgets) [6]. This means that IPCC’s CO2 budgets
(implicitly) infer that other non-CO, GHG should also be mitigated.
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Figure 1. Global GHG emissions scenarios depicted through inverted “S-curve” theoretical pathways: (a)
Reproduced from IPCC's AR6 [1], (b) Reproduced from Carbon Action Tracker [9], (c) Reproduced and
adapted from the Rare organization [10].



One acknowledged difficulty lies in allocating the carbon budget among countries
[11]. For example, two well-known approaches are the “grandfathering” principle (which
involves measures of “inertia”) and the “equity” principle [12]. The “grandfathering”
principle suggests allocating the carbon budget to countries proportionally to their current
emission levels, whereas the “equity” principle advocates for allocation based on
population levels, asserting that each human being has the same “right to pollute”. The
“grandfathering” principle faces significant criticism, mainly because it favours “the
perpetuation of an unjust allocation of rights based on the previous unjust allocation of
the same rights” [13]. This suggests that historical emissions per capita have been
sufficiently uneven among countries that they should not serve as a benchmark for
subsequent carbon budget allocation. Consequently, when countries are considering
carbon budgets in their climate strategies—as they should [14]—they usually adopt the
“equity” principle. For instance, this is the case for France and Wallonia [7], one of the
three regions of Belgium, which constitute the two case studies undertaken in this work.
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Figure 2. Schematic illustration of how global mean temperatures respond to different emissions trends in
carbon dioxide (CO) and methane (CH4): (a) CO, and CH, emissions trends, (b) associated warming
effects. The time-dependency of most non-CO- climate pollutants is therefore very different from the one
of CO- as their annual rate rather than the cumulative emissions have the strongest effect on peak warming
[5]. Adapted from several works [15,16].

Regrettably, like many others, these regions/nations have focused solely on
mitigating emissions within their territories in their climate policies. However, a recent
study indicated that if emissions associated with international trade are not as vigorously
addressed as territorial emissions, the AR6 “equity” +2°C carbon budget is likely to be
exceeded [7]. It is worth mentioning that, at this point, only the +2°C carbon budget
compatible scenarios are considered realistic because IPCC’s ARG has lately reported that
“global GHG emissions in 2030 associated with the implementation of NDCs announced
prior to COP26 would make it likely that such warming level will be exceeded during the
21% century” [1]. That same paper [7] has also identified other potential problems of most
current NDCs, i.e. nationally determined contributions [17]. Firstly, commitments to
long-term emission rates, such as the 2050 carbon neutral goal pledged by Wallonia and
France [7], will not suffice to keep the cumulative CO2 emission below IPCC’s “equity”
carbon budgets [18]. Securing these budgets is likely unfeasible without establishing



short-term carbon budget targets [19]. This is mainly due to the need for increasingly
stringent—and potentially unrealistic—policies in the long-term [20], as suggested by
Figure 1(c).

Secondly, NDCs usually assume linear emissions mitigation pathways towards
their long-term targets [7]. However, GHG mitigation has been known to face barriers
and might be more accurately depicted by a decreasing “S-shaped” pathway [21], which
can, for instance, be defined by a logistic function [22]. This pattern features a reduced
slope in the beginning (important mitigation projects take years to be implemented and
to be efficient) and in the end (further CO2 emission reduction will be harder close to the
carbon neutrality goal as the main mitigation projects will already be in place). Indeed,
as observable in Figure 1, those (inverted) “S-curves” or “S-shaped” patterns constitute
the commonly represented GHG emissions pathways in the consulted studies, at least for
the realistic scenarios aligned with the +2°C carbon budget. Similar inverted “S-shaped”
GHG mitigation patterns have also been reported as realistic scenarios in other studies
[4,20,23-26], but none of those have explicitly defined or modelled their exhibited “S-
shaped” mitigation pattern. Oppositely, this study seeks to offer such a model through a
straightforward equation.

Furthermore, populations will hardly relate to territorial objectives, as they will
rightly consider that those apply primarily to public authorities and private companies.
Indeed, some kind of “whataboutism” sentiment [27] is likely to occur: “Why should |
mitigate my emissions since my carbon footprint is only a small part of the national
emissions?”. In fact, it is well established that solving the climate crisis relies on changing
human behaviour [28]. To achieve this without insurmountable resistance, applied
policies and economics must meet people where they are, with “audience-specific
messaging and framing” [29], and individualized carbon footprint targets therefore seem
relevant in that regard.

Another potential issue of common climate strategies comes from the fact that
they may focus primarily on COz-only emissions, whereas it has been established,
through the explanations of the carbon budget paradigm, that other GHG should also be
(at least partially) mitigated. Similarly, targets should also be considered for territorial
carbon absorption levels (natural and/or technological), which is currently not always the
case in many Nationally Determined Contributions (NDCs).

The primary contribution of this study, as demonstrated through case studies in
Wallonia and France, is the development of a documented method designed to address
the common limitations of many current NDCs. It establishes personalized inverted “S-
shaped” carbon footprint pathways that are directly aligned with IPCC’s +2°C “equity”
carbon budget. This approach facilitates a deeper understanding among individuals
regarding their role in climate action, enabling them to more effectively engage with and
contribute to these efforts.

It is noteworthy that, besides the rationale behind carbon budget allocation
(among countries), GHG emissions accounting methods can also be subject to debate, as
this will affect how much of the established budget is spent year after year. A dedicated
study [30] presented four main GHG accounting methods, i.e. the “production-based”,
the “consumption-based”, the “extraction-based”, and the “income-based” method. Each
one of these methods involves some shortcomings and assigns the responsibility for the
emissions to a particular type of agent (producer, consumer, extractor, or income
beneficiary). Although that study [30] acknowledged that none of these methods (or their
combination) is perfect, it reported that consumption-based accounting is generally
considered “fairer” because it allocates a larger share of global emissions to industrialized
regions/countries, such as the ones used as case studies in this work. Indeed, in such



regions/nations, imported emissions can even be greater than territorial emissions [7], and
consumption-based accounting methods are arguably better suited to address them. By
suggesting GHG mitigation pathway targets expressed in terms of carbon footprint, this
work also implicitly favours consumption-based accounting methods.

In essence, one main advantage of the conceived method is that it remains simple
enough for the population to relate to. In addition, those proposed pathways have been
designed to be adapted to different scales, even down to the simple household or the
individual, for everyone to comprehend their part in the global emissions mitigation
challenge. This has notably been made possible by linking the global IPCC’s +2°C
“equity” carbon budget to individual targets, which can be implemented as a reference
for carbon footprint calculators (which are consistently also based on consumption-based
accounting methods [31]). Therefore, by (regularly) monitoring one’s emissions and the
outcomes of one’s mitigation efforts through such calculators, it is hoped that each
individual can set their own GHG reduction targets on both a short-term and a long-term
basis. Although this work focuses on Wallonia and France, its applicability is wider, as it
will be demonstrated that the suggested method to compute relevant GHG mitigation
pathways is based on easily available data. Therefore, it can be readily adapted for most
nations and/or regions.

It can be noted that this work mainly contributes to three Sustainable Development
Goals (SDGs) [32] directly. Firstly, in addition to potentially facilitating individual and
collective climate action (SDG13), establishing and monitoring individualized carbon
footprint pathways through the method developed in this work naturally supports
sustainable consumption (and production) patterns (SDG12) [33]. Furthermore,
establishing and monitoring individualized carbon footprint pathways through the method
developed in this work also aims at reducing inequalities (SDG10), in a manner akin to
personal carbon allowances (PCASs) [34]. Another reason for this lies in the fact that
carbon footprint accounting typically involves consumption-based accounting methods
[31], which are usually viewed, as stated, as “fairer” than other accounting methods [30].
In addition, the suggested method to compute GHG mitigation pathways aligned with
IPCC’s work is grounded in the “equity” principle [12] (and “equity” carbon budgets, i.e.
emphasizing the same “right to pollute” for each human).

2. Material and methods

2.1 Mathematical function for inverted “S-shaped” carbon footprint

pathways

“S-curves” are used in this work because they are particularly relevant in cases of GHG
emissions mitigation. Indeed, they have been particularly used for “ecological modelling”
[22]. The same article [22] reports that “S-curves” are also used for “projecting the
performance of technologies”, “market penetration analyses”, and “diffusion mechanisms
of technological and social inventions”, which are all also relevant to GHG emissions
mitigation, because of their intrinsic link to the penetration of renewable technologies
(both technologically and socially). For information, an “S-curve” can also be known as
a “Verhulst-Pearl equation”, a “Pearl curve”, a “Growth curve”, a “Gompertz curve”, an
“S-shaped pattern”, a “Saturation curve”, a “Foster’s curve”, a “Bass model”, or as
considered in this work, a “logistic curve” or a “sigmoid(al) function” [22].

Equation (1) is generally used to define a sigmoid (or a logistic) function between
the [0,,1] ordinate range [35]:
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i and P(i) are, respectively, the abscissa and the ordinate of the sigmoid function,
i.e. the horizontal and vertical coordinates. Meanwhile, # and a are parameters that
respectively control the slope, i.e. the rate [36], and the position on the horizontal axis of
the “S-shaped” pattern, indicating the abscissa at which the curve deviates from a near-
constant path to a more pronounced increase or decrease.

Decreasing (inverted) “S-shaped” functions necessitate the “inversion” of
Equation (1). In addition, in carbon footprint yearly rate mitigation pathways
applications, the range of the function shifts from [0,[0,1] to start at the current (initial)
yearly carbon footprint (or GHG emissions) level, denoted as CFi, and ends at the long-
term (final) yearly carbon footprint (or GHG emissions) objective, denoted as CF+. These
manipulations result in Equation (2), wherein the « and g parameters have simply been
renamed a and b, respectively. Additionally, the horizontal coordinate has been redefined
as y to reflect the yearly discretization of the carbon footprint, with the carbon footprint
yearly rate being represented by CF(y).

CF; — CF;
CF(y) = CF; - T4 o-@b» (2)

One last manipulation of the formula to make it more relevant for this application
involves highlighting the year ¢ (= —ab™1) for which the ordinate achieves the “centre”
of its scale. In other words, it is the moment at which the ordinate has reached 50% of its
range between its initial and final ordinate value [37], representing the year at which the
“S-curve” reaches its maximum slope (i.e. the inflection point). This adjustment has been
detailed in Equation (3):

CF; — CFs

14+ e—bly—c) (3)

However, this approach is not without its limitations. Indeed, “S-curves” GHG
mitigation pathways, like all theoretical pathways, assume a relatively steady and
predictable rate of adoption or progress. In reality, GHG mitigation efforts can be
influenced by various unexpected external factors, such as economic conditions, political
stability, policy changes, and health crises [38], making these models less effective at
predicting sudden shifts or disruptions in GHG emission rates. Like other theoretical
curves, “S-curves” are not particularly well-suited for modelling rebound effects in GHG
emissions, which refer to situations where GHG reduction efforts in one area lead to
unintended (sometimes even greater) increases in emissions in another [39]. At a regional
or national scale, the GHG mitigation pathway involves multiple sectors, relying on the
combination of several technologies and behavioural changes. Even though it can be
considered that their respective diffusion and adoption rates could each be singularly
modelled using an “S-curve”, their combined effect could diverge from this pattern.
Technological breakthroughs associated with supporting policies could, for example,
result in a curve exhibiting multiple inflection points (instead of only one, as in the
defined logistic function). At the cost of increased complexity, a possible solution is to
discretize the overall regional/national pathway into several logistic functions to better
accommodate GHG mitigation effects featuring significantly different time constants.



2.2 Linking TPCC’s “equity” carbon budgets to (individual) carbon
footprint

A major challenge lies in efficiently aligning the carbon footprint figures, expressed in
COgzeq, with IPCC’s carbon budgets, expressed in CO2-only emissions, as well as with
carbon absorption levels. Indeed, carbon sinks (with negative contributions) are not
always considered in the common definitions of “carbon footprint” [40] and, to the
knowledge of the author, are rarely, if ever, implemented in the available online carbon
footprint individual calculators, which have already been highlighted as relevant tools for
expressing personalized GHG emissions targets that are more accessible for individuals.
This section addresses the aforementioned challenge and presents a
comprehensive flow chart in Figure 3, detailing the method employed in this work to
compute the appropriate individualized GHG mitigation pathways. The data
underpinning the method depicted in Figure 3 is further discussed in this section and
summarized in Table 1, along with its application to the selected case studies.
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Figure 3. Flow chart of the whole method used in this work to compute the appropriate individualized
GHG mitigation pathways. This chart also demonstrates how individualized carbon footprint figures,
expressed in COxq, are linked with IPCC’s carbon budgets, expressed in CO-only, as well as with carbon
absorption levels.

In essence, the method depicted in Figure 3 entails separating the individual
carbon footprint into two mitigation pathways: one focusing solely on CO2-only
emissions and one addressing residual GHG. Beyond the initial and final emission levels
(discussed in this section and reported in Table 1), it is assumed that both targeted



pathways are defined by the same logistic function. This assumption is rooted in the
intrinsic link between CO2 and other GHGs, which are commonly co-emitted during most
combustion processes [41]. As final targets (also reported in Table 1), the CO.-only
pathway considers the common net-zero emission goal, while the second pathway
considers a level of 1 tCOgzeq/year per capita of unmitigated non-CO. emissions, in
alignment with IPCC’s latest assumptions and population expected growth. Indeed, at the
point of net-zero CO> emissions (projected for 2050 in the case studies chosen in this
work, in line with the European Green Deal [42]), the IPCC has indicated that not all
GHGs can be mitigated as effectively as CO, leaving an estimated 8 GtCOzeq yearly
footprint for humanity [1]. Adhering to the “equity” principle and projecting a 2050
global population of 7.735 billion people [43], this equates to an individual unmitigated
2050 footprint of about 1 tCOzeq/year per capita, attributable solely to non-CO, GHG
pollutants.

Table 1. Data used to compute the fixed parameters of Equation (3), i.e. the equation of the chosen “S-
shaped” GHG mitigation patterns.

Data Notation Wallonia France  Units Reference/Justification

Initial 2020 +2°C “equity” “Equity”

carbon budget carbon budget 382.7 6924 MICO, (7]

Inleldua_I carbon footprint K1 16.0 9.2 tCOZeq/)_/ear [44,45]

latest available data per capita

Share of CO,-only radiative

forcing in the total radiative K2 0.744 0.744 - [46]

forcing

Initial individual CO,-only tCO,/year _

footprint (in 2020) CFeoy, 11.90 6.84 per capita =KIxK2

Individual CO,-only footprint CF 0 0 tCO,/year Net-zero CO, emissions commitment in

target (in 2050) COar per capita 2050 from the Green Deal [42]

Initial individual non-CO, tCOxqlyear  _ )

footprint (in 2020) CF-coy 410 2.36 per capita =K1x(1-K2)
Unmitigable GHG emissions at net-zero

Individual non-CO,-only CF 1 1 tCOq/year  CO, emissions [1] divided by the

footprint target (in 2050) ~C02t per capita expected 2050 global population level
[43]. This is equal to K3.

Population in 2020 Pop2020 3.65 67.06 Millions [47-49]

Projected population in 2050  Pop2050 3.83 69.21 Millions [47—-49]

Current level of territorial
carbon absorption, considering
LULUCF emissions ka 10 14.0 Xé(éoz?q/é’:?r E‘E"Oé?lc]a ita” levels deduced accordin;
(also established “per capita”, (K4/Pop2020) (0.27) (0.21) 2o Y per cap 2
according to the 2020 per capita) to Pop2020)

populations levels)

Required level of territorial

carbon absorption, considering

LULUCEF emissions, to

achieve GHG neutrality in K4 3.8 67.1
2050 (K5/Pop2050) (1.0) (1.0)
(also established “per capita”,

according to the 2050

populations levels)

MtCOxeq/year
(tCOqeqfyear
per capita)

CF o, XPop2050 + CFq, XPop2050
(K3)

The yearly individual CO2-only footprint defined by the optimized sigmoidal
pathway is then multiplied by the anticipated population. This total is subsequently
deducted from the remaining “equity” carbon budget (established for the nations/regions
used as case studies in this work in a recent study [7] and also reported in Table 1). The
yearly territorial carbon absorption, which is assumed to increase linearly over time, is
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however added to the remaining CO. budget, as it effectively reduces the accumulated
CO2 in the atmosphere permanently.

Two cases of constraints are established. Firstly, the nominal one, depicted at the
bottom of Figure 3, ensures that the remaining CO> budget is never exceeded. Secondly,
an auxiliary case has also been proposed, which permits the CO. budget to temporarily
dip into negative values, provided it returns to positive values by 2050. This case can be
considered the most precarious, as it tends to postpone the GHG mitigation efforts and
requires a higher GHG reduction slope, as already illustrated in Figure 1(c).

In respect to each one of these cases of carbon budget constraints, two
optimization parameters must be established: the ¢ and b parameters defined in Equation
(3), respectively corresponding to the year of maximum emissions mitigation rate (i.e. the
inflection point of the “S-shaped” mitigation pattern) and to the parameter influencing
the maximum emissions mitigation rate (i.e. the slope of the “S-shaped pattern™ at year
c). The obtained values of these optimization parameters will be explored in the “Results
and discussion” section, with insights provided in Table 2.

22.1 Warming impact time-dependency of non-CO: climate

pollutants

As mentioned, linking carbon budgets (expressed in CO2-only) to all-GHG emissions and
therefore to carbon footprint is not straightforward. Indeed, the impact of non-CO-
species, which is, as stated, accounted for at the time of net-zero CO2 emissions through
“an absolute security margin” [7], constitutes the largest source of uncertainty in the
remaining carbon budget [3]. The reasons for this can be elucidated by the following key
factors. Firstly, each non-CO2 GHG species has a specific warming impact with a distinct
time-dependency [7], that is significantly different from the one of CO.. Indeed, as
already demonstrated in Figure 2, for example, it is the annual rate—rather than the
cumulative emissions—of short-lived climate pollutants (SLCPs), such as methane, that
exerts the greatest influence on peak warming [5]. Consequently, establishing a non-CO»
GHG budget by assimilating their specific time-dependent impacts on global warming,
to be integrated with IPCC’s CO.-only carbon budget, presents considerable challenges.
This complexity is amplified by the high levels of uncertainty associated with future
emission pathways for each non-CO, GHG species [1].

Secondly, some SLCPs, particularly anthropogenic aerosols co-emitted in fossil
fuel combustions, exhibit a negative radiative forcing effect [52]. This cooling effect
significantly counteracts (masks)masks) the current global warming impact of non-CO-
pollutants [53]. In fact, non-CO> pollutants have been reported to presently account for
about 50% of current positive radiative forcing, and “thanks” to negative forcing aerosols,
they only account for about 25% of current net forcing [54]. Those negative forcing
aerosols will decrease with necessary fossil fuel emissions reduction (and effective air
quality policies), therefore unmasking some radiative forcing of remaining non-CO-
pollutants [55]. This “unmasking” effect represents an additional difficulty in correlating
all-GHG emissions with CO2-only carbon budgets.

Nevertheless, as non-CO> GHG emissions must be mitigated alongside CO: to
meet global warming targets [56], many studies still report that the radiative forcing (i.e.
the net warming) induced by non-CO> species has been (and might likely be in the future)
linearly proportional in time to the radiative forcing of CO2 only [57-61]. All those
references report the non-CO2 net warming impact to be between 22 and 30% of that of
COz-only. This linearity between the contribution of CO2 and non-CO2 GHG has been
illustrated in Figure 4 [62], established by computing non-CO> GHG mitigation scenarios
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compatible with a +2°C maximum temperature increase. In Figure 4, the slope of the all-
anthropogenic forcers assimilated straight line is 26% higher than that of COz-only,
consistent with the other studies.

It must be stressed again that this proportionality between CO-only and non-CO
radiative forcing through time is, however, valid as long as non-CO: pollutants are also
mitigated in +2°C compatible scenarios. This will more suitably be ensured thanks to
specific structural policies (implemented by public authorities) rather than by relying on
individual consumption choices. For example, agriculture constitutes the main source of
nitrous oxide (N20) emissions [63], which qualifies as a non-CO> GHG with a global
warming potential (GWP) over 100 years evaluated at 300 times that of CO; [64].
Subsequently, individuals should not be required to conduct intensive studies to consider
the non-CO> GHG impact of the upstream processes involved in their specific
consumption choices. Indeed, the only mitigation effort that can realistically (partially)
rely on individuals is the commonly called “sobriety”, which involves the necessary
reduction of their carbon footprint through an overall reduction of their consumption
levels and/or energy use [65].
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Figure 4. Highlighted proportionality of the net warming impact of all-anthropogenic forcers and that of
COz-only emissions. Dots represent multiple scenarios: they mark the peak warming and the lines end at
the point of net-zero CO; emissions in each scenario. The larger spread of all-anthropogenic forcers (red)
dots relative to CO-only (purple) dots is due to non-CO, emission scenarios that largely differ, which were
all necessary to compute because of the great level of uncertainty in future non-CO, GHG emission
pathways. TCRE means transient climate response (to cumulative emissions). It is widely used for climate
change characterization and corresponds to the temperature change compared to preindustrial levels.
Reproduced and adapted from reference [62].

Concurrently, based on global warming potential (GWP) over 100 years, it has
been reported that non-CO> pollutants accounted for 25.6% of the total GHG emissions
in 2020 [46], which is a figure quite similar to that established for the proportionality
between CO2 and non-CO.-forcing (deduced from Figure 4). It could therefore be
imagined that increasing IPCC’s “equity” carbon budget by that common figure (of about
26%) and establishing an all-GHG budget (expressed in CO2q and based on GWP over



12

100 years) would allow for linking it to (individual) carbon footprint. However, in an
expected net-zero CO2 emissions future, the share of the non-CO- pollutants in the yearly
total GHG emissions would no longer account for 25.6% as it was in 2020 [46]. Since
other GHGs will not be fully mitigated [66], they would trivially represent all the GHG
emissions (and thus a 100% share). As stated, because of cumulative emissions of long-
lived COz, only the contribution of non-CO2 GHG in the total radiative forcing may be
considered constant over time (and between 22 and 30% of that of CO.-only [57-61]).
Therefore, all-GHG budgets have no longer been considered in this study.

It is nevertheless worth mentioning that conducting such a method with all-GHG
budgets is still possible. To that end, some studies indeed report methods that evaluate
the future radiative forcing of all the GHG based on their year of emission, usually
through GWP alternatives metrics, denoted “GWP*” [16,67—70] or COze, i.e. CO>-
forcing-equivalent [58]. Unfortunately, even in their simplest forms, those methods
would greatly complexify the accounting of carbon footprints. Those methods are indeed
not yet compatible with available online carbon footprint calculators, which have already
been inferred as relevant tools to express personalized GHG emissions targets that
individuals can better relate to.

2.2.2 Initial individual carbon footprint of the studied regions/nations

Unfortunately, there is a lack of recent studies on Wallonia’s carbon footprint. This study
has considered that its individual 2020 carbon footprint is equal to the 2007 average one
of Belgium [7], amounting to 16 tCOzeq/year per capita [44], as reported in Table 1. By
comparison, The Belgian carbon footprint was evaluated by another study atat 16.5
tCOoeq/year per capita back in 2001 [71]. It should be noted that, recently, a new study
has evaluated Wallonia’s carbon footprint slightly lower, specifically at 15 tCOzeq/year
per capita in 2011 [72], but this has no impact on the statements made in this work. Since
Belgium’s carbon footprint (or, by extension, Wallonia’s carbon footprint) has not
significantly decreased in ten years (between 2001 and 2011) [7], there is no tangible
reason to think that Wallonia’s 2020 carbon footprint is significantly lower than the 2007
value considered in this study.

From 1995 to 2018, the figure for the the French individual carbon footprint has
been reported to remain quite constant and around 11 tCOzeq/year per capita [7]. However,
the methodology has been very recently revised (especially regarding how imported CH4
emissions are accounted for), resulting in a slight decrease in the French individual carbon
footprint [50]. The 2020 French carbon footprint projection has therefore been established
to 8.2 tCOzeq/year per capita, but it is only a provisional unverified estimate [50]. In
addition, that particularly low figure considers the COVID-19 (temporary) public health
crisis impact on carbon (and other pollutant) emissions, which was significant in the case
of France with about two months of complete lockdown [38]. Therefore, this work will
consider the last verified calculation of the French carbon footprint, which has been
evaluated atat 9.2 tCOoeq/year per capita for the year 2018 [45], as reported in Table 1.

2.2.3 Initial and final values of the CO2-only mitigation pathway

As stated, it has been decided to retain IPCC’s CO2-only carbon budget and establish, in
parallel, the CO2-only footprint (and the non-CO> footprint) from the all-GHG carbon
footprint. For example, the 2020 CO»-only carbon footprint level can be determined by
subtracting the already stated share of worldwide non-CO, emissions in 2020 from all-
GHG emissions, i.e. 25.6% [46], as reported in Table 1.
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As mentioned, this study assumes a completely decarbonized economy by 2050,
the target year of the European Green Deal [42]. Therefore, the final CO2-only carbon
footprint is projected to be 0 in 2050, as reported in Table 1. It is worth noting that the
European Green Deal unfortunately only commits to a 2050 territorial carbon neutral
future, but in this study, it will be assumed that the European Union will (hopefully) adopt
trading policies compelling imported emissions to also achieve carbon neutrality by 2050.
This could be feasible if European countries opt to import exclusively from other
countries that have also committed to a 2050 territorial carbon neutral future (such as
Canada, the United States, or New Zealand) [73].

2.2.4  Population expected growth inin the studied regions/nations

The historical and projected population growth inin Wallonia and France used as input
data (as depicted in Figure 3) have respectively been illustrated in Figure 5(a) and Figure
5(b). Demographic assumptions up to 2050 are quite similar. Notably, after 2050,
Wallonia’s population is projected to continue increasing whereas France’s population is
expected to decrease, according to their respective national institutes responsible for
demographic projections.

39 69,5

38 &
3,75 o°

3,7 o°

Population (Millions)
%
s,
.'o
Population (Millions)
[<al
]
®
°
®e

3,65 o
36 67,0
2010 2020 2030 2040 2050 2060 2070 2080 2010 2020 2030 2040 2050 2060 2070 2080

Years Years
® Wallonia's (historical and projected) population (last update in June 2022) ® France's (historical and projected) population (last update in November 2021)

Figure 5. Historical and projected population for the regions/nations used as case studies in this work: (a)
Wallonia [49], (b) France [47,48]. Unlike Wallonia, France’s population data do not take into account
immigrants due to the Ukraine-Russia conflict that started in 2022 [74].

2.25 Negative emissions accounting (carbon sinks/absorption)

Remaining carbon budgets, as reported by the IPCC, inherently consider territorial sinks
(carbon absorption) because they are based on cumulative net CO2 emissions [62].
Therefore, one could have directly established the mitigation pathways of the carbon
footprint based on land-use, land-use change, and forestry (LULUCF [75]) related net
CO; emissions. Indeed, they constitute commonly available data since the adoption of the
Kyoto Protocol by the parties of the United Nations Framework Convention on Climate
Change (UNFCCC) [76]. However, as depicted in the methodology flowchart presented
in Figure 3, this study considers separately the positive CO. emissions through carbon
footprint accounting and the ones of territorial sinks (negative).

Furthermore, the separated accounting of carbon sinks enables detailed
investigations into the current and future territorial carbon absorption levels of the studied
regions/nations, thus aiding in the formulation of pertinent targets within climate policies.
It is noteworthy that it is still often reported that carbon sink accounting methods should
include LULUCF emissions data [77], as defined since the adoption of the Kyoto Protocol
[76].



14

226  Territorial absorption pathway

As noted, yearly territorial absorption is modelled with a linear pathway from the initial
2020 value to the 2050 final value. This latter has been stated to be equal to 1 tCOaeq/year
per capita, in line with the GHG-neutral European Green Deal commitment [42], to match
the previously mentioned unmitigated non-CO> GHG footprint in a net-zero CO;
emissions future [1].

Besides carbon capture and storage, i.e. CCS [82], which is applied at the exhaust
of high-carbon emission processes, territorial absorption mainly consists of carbon
dioxide removal (CDR) techniques [78], which can be either nature-based [79] or
technological [80]. CO2 is indeed inherently the main GHG targeted by both natural,
through photosynthesis, and technological CDR techniques, such as direct air capture, i.e.
DAC [81]. Hence, carbon absorption pathways can be expressed equivalently in terms of
CO2-only negative emissions or in terms of COzeq Negative emissions.

However, those latter negative emissions technologies raise questions, mainly
because of their immaturity and their scaling-up capabilities, and they are often deemed
to constitute an “unjust gamble against the future” [83]. Indeed, it has been recently
reported that more than 80% of technological carbon absorption projects fail [84]. Facing
the challenge of global warming, it has thus been advised for climate policies to rely on
negative emissions only if they are sufficiently mature [7] and present lower risks, such
as those associated with nature-based carbon sinks. Therefore, an assessment of these
technologies is necessary for the regions/nations examined in this work.

2.2.7  Nature-based carbon sinks of the studied regions/nations

The current level of Wallonia’s territorial carbon sinks has been reported to be about 1
MtCO./year [7], a figure considered in this work in Table 1. Another source reports about
1.8 MtCOo/year [85]. Given Wallonia’s future population shown in Figure 1(a), the 2050
absorption level should reach about 4 MtCOqg/year for GHG neutrality. Therefore,
Wallonia’s carbon yearly uptake needs to be increased by about 3 MtCOzeq/year (+300%).
Although very challenging, especially considering only natural sinks, this does not seem
unrealistic for the following reasons. Firstly, it has been reported that agroecological
methods that rebuild organic components in soil, such as permaculture, can increase
carbon uptake to 8.23 tCOzeq/ha per year [86]. This can be compared to the average
European harvested crop absorbing 1.96 tC/ha per year [87], equivalent to 7.2 tCOzeq/ha
per year [88]. Both zero-tillage agriculture and the conversion to permanent crops or
perennial grasses have also been reported to increase carbon sequestration. Specifically,
increases of up to 1.47 tCOzeq/ha per year and 2.2 tCOzeq/ha have been noted, respectively
[89]. Another study confirms these figures, reporting that improved grazing management,
introduction of legumes and improved grass species, irrigation, and conversion of
croplands into pasture lands can increase soil carbon sequestration by more than 1 tC/ha
per year [90], which is equivalent to 3.67 tCO2eq/ha per year [88]. Given the 762 120 ha
devoted to agriculture in Wallonia [91], and assuming an average increase of carbon
sequestration of 1 tCOzq/ha per year through alternative agricultural techniques,
territorial absorption of agriculture lands could be increased by about 0.76 MtCO>/year.
Secondly, lawns and green roofs have been reported to exhibit minimum carbon
uptakes of 2.7 tCOzeq/ha per year, with green roofs potentially reaching up to 10.2
tCOazeq/ha per year [92]. Given the 225 900 ha of urbanized lands in Wallonia (residential
lawns not considered) [93], and with an average increase of carbon sequestration of 5
tCO2eq/ha per year through intensive urban vegetation, territorial absorption could again
be increased by approximately 1.95 MtCO:/year. In addition, private lawns can also
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significantly absorb more carbon, since their carbon uptake has been reported toto range
from 3 to 11 tCOzeq/ha per year [94].

This demonstrates that the implementation of alternative agriculture techniques
and intensive urban vegetation (potentially with deeper revegetation of private laws) may
significantly increase the current territorial absorption of Wallonia. However, achieving
the targeted absorption level of 4 MtCOzeq/year, necessary to balance the unmitigated
non-CO2 GHG emissions rate in a net-zero CO2 emissions future [1], would require nearly
every territorial area to be optimized to maximize carbon absorption, depending on the
chosen land-use. It is worth mentioning that positive carbon sequestration feedbacks with
global warming have not been considered, such as increased wildfire risks [95] or the
potential reduction of carbon uptake through vegetation increased respiration [96].

It should also be pointed out that Wallonia has only planned a +32% increase of
nature-based carbon sinks in its current NDC (versus current levels) [97], falling short of
the +300% objective discussed herein. Thus, even if Wallonia states that the lack of
nature-based carbon sinks will be compensated with potential technological carbon
absorption methods to ensure carbon neutrality [51], the commitment to natural sinks is
extremely low, placing Wallonia's climate strategy at risk due to reliance on unproven
technologies.

Unlike Wallonia, France has implemented a territorial absorption objective
pathway up to 2050 in its climate strategy [7]. It assumes a linear increase from the current
level to a 2050 target of 80 MtCOzeq/year [7], involving 67 MtCOxeq/year from nature-
based carbon sinks [50]. The current level of absorption considered in France’s current
climate strategy is 38 MtCOqeq/year, but it has recently been calculated to be 63% lower,
to 14 MtCOxzeq/year [50]. In terms of area, this carbon uptake level is similar to Wallonia’s
(considered equal to 1 MtCOxzeq/year), albeit slightly lower. Therefore, this initial carbon
uptake figure of 14 MtCOzeq/year has been considered for France in this work along with
the 2050 target of 67 MtCOzeq/year of nature-based carbon sinks, as reported in Table 1.
Technological carbon sinks are again considered immature; therefore, the full 80
MtCO2eq/year absorption level reported in France’s climate strategy is not considered.

This implies a required increase in territorial carbon uptake of +370% from
current levels, likely leading a recent study [50] to view the 2050 target of 67
MtCOzeq/year for nature-based carbon sinks as unrealistic. However, the same reference
[50] also indicates a historical level of nature-based carbon uptake of nearly 50
MtCO.eq/year in 2005, which already represented 75% of the final 2050 target considered
in this work. The carbon absorption target is thus not unrealistic, although still very
challenging.

In addition, comparing areas with Wallonia, this figure of 67 MtCOzeq/year of
French nature-based carbon sinks in 2050 is quite similar to the 4 MtCO2eq/year of carbon
uptake assumed for Wallonia in 2050, demonstrated to be feasible with alternative
agricultural techniques and intensive urban vegetation (although, again, challenging).
Also, considering France’s 2050 projected population presented in Figure 5(b), this 67
MtCO2eq/year target level of absorption coincides with the absorption target of 1
tCO2eq/year per capita implied by the Green Deal [42] to match the “equity” unmitigated
non-CO, GHG footprint in a net-zero CO> emissions future [1].

It is often considered that the 2050 individual carbon footprint should be capped
between 1 and 2 tCOzeq/year per capita [98]. For instance, a target of 2 tCOzeq/year per
capita is commonly adopted by online carbon footprint calculators [99]. However, the
analysis conducted in this study underscores that, to achieve GHG neutrality in
regions/nations like France and Wallonia, it is preferable to reduce the individual carbon
footprint target to approximately 1 tCOeq/year per capita. Attaining such a threshold with
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the capacities of the nature-based carbon sinks (of the studied regions/nations) will indeed
be sufficiently challenging as it is (to ensure GHG neutrality).

3. Results and discussion

As depicted in the flowchart in Figure 3, two cases have been proposed. Firstly, the
nominal one never allows for the remaining CO> budget to be exceeded. Secondly, an
auxiliary case has also been computed, which allows for the CO, budget to slightly go
into negative values, as long as it returns to positive values by 2050.

Both of of these cases have been illustrated for Wallonia in Figure 6 (and in the
associated Figure 7). Only the nominal case has been computed for France and is
represented in Figure 8. The optimization parameters b and ¢ of Equation (3) used to
compute the nominal case for Wallonia and for France, respectively depicted in Figure
6(a) and in Figure 8, have been reported in Table 2.

Table 2. Values of optimizing parameters b and ¢ of Equation (3), which constitutes the equation of the
chosen “S-shaped” GHG mitigation patterns that prevent the +2°C “equity” carbon budget from being
exceeded. Along with the fixed parameters reported in Table 1, these optimizing parameters lead to the
GHG mitigation pathways illustrated in Figure 6(a) for Wallonia and in Figure 8 for France.

Description Notation Wallonia France Units

Year of maximum emissions mitigation
rate, i.e. inflection point of the “S- c 2028 2036
shaped” mitigation pattern

Parameter influencing the maximum
emissions mitigation rate, i.e. the slope b 0.3 0.25
of the “S-shaped pattern” at year ¢

Figure 6 and Figure 8 show the all-GHG individual carbon footprint pathways (in
COqeqlyear per capita) and the corresponding (decreasing) remaining carbon budget over
time. It can be perceived from those figures that it would be quite straightforward for
individuals who use carbon footprint calculators to report their results on the suggested
individual carbon footprint target pathways, therefore better relating to IPCC’s carbon
budget.

All proposed cases are securing the “equity” carbon budget because the latter is
positive in 2050 (the end of the end of the studied timeframe). It is worth mentioning that
Figure 6 and Figure 8 also show the non-CO2 GHG footprint mitigation, which is as
intended defined by an “S-shaped” pattern similar to that of the all-GHG individual
carbon footprint pathways, using the same b and ¢ parameters in the logistic function of
Equation (3), as reported in Table 2. The 2050 CO> neutral target can be verified by the
fact that both patterns converge in 2050, reaching a value of 1 tCOzeq/year per capita,
corresponding to the unmitigable non-CO> GHG emissions deduced from IPCC’s AR6

[1].

Figure 7 shows the GHG positive and negative emissions patterns corresponding
to the cases illustrated in Figure 6 at the regional scale, for the entirety of Wallonia.
Positive GHG emissions are obtained from the product of the all-GHG individual carbon
footprint pathways and the population projections reported in Figure 5(a). Negative
emissions correspond to the territorial carbon absorption pattern, which is presumed to
evolve linearly from the current level to the target value. As explained, this target value
is set to achieve full climate neutrality by 2050, compensating for the 1 tCOzeq/year per
capita unmitigable non-CO_ emissions as inferred by IPCC’s AR6 [1]. As demonstrated
in Figure 6, this carbon absorption target is calculated by multiplying that 1 tCOoeq/year
per capita figure by the 2050 projected population of the region, as indicated for Wallonia
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from Figure 5(a). It should be mentioned that, even though the proposed scenarios are
compatible with IPCC’s +2°C carbon budget, it is still advised for climate policies to
target even more aggressive GHG mitigation pathways to provide a margin regarding the
carbon budget.

3.1 Nominal case for Wallonia - CO2 budget never exceeded

This case is presented in Figure 6(a) and Figure 7(a). The b (slope) parameter has been
set to 0.3, , and the ¢ parameter has been set to 2028, as reported in Table 2. As it can be
observed in Figure 6(a), this case implies that carbon neutrality will nearly be achieved
by 2040, i.e. ten years before the Green Deal commitment [42], for the “equity” carbon
budget never to be exceeded. This is the “safest” case of the two, offering a carbon budget
margin in 2050. It also entails earlier GHG mitigation efforts beginning as early as 2020,
with the resulting benefits in terms of accumulated CO; avoided, , allowing for a less
steep mitigation effort slope.

According to Table 3, the maximum slope of the mitigation effort in the resulting
CO2-only pathway is projected to be close to 0.89 tCOa/year per capita (in 2028), while
for the non-CO- pathway, it is expected to be around 0.23 tCOxeq/year per capita (also in
2028). It is noteworthy that, by derivation of Equation (3), the maximum slope of the
sigmoidal pathways is linearly dependent on the b parameter and on the initial individual
carbon footprint level (as demonstrated in Figure 3).

Table 3. Maximum slope of the GHG mitigation pathways illustrated in Figure 6(a) for Wallonia and Figure
8 for France, as defined by Equation (3) and based on the parameters provided in Table 1 and Table 2.

Description Notation Wallonia France  Units

Maximum CO,-only emissions Slopeatc -0.89 -0.43 tCO,/year per capita
mitigation rate

Maximum non-CO emissions Slopeatc -0.23 -0.08 tCOgqlyear per capita

mitigation rate

3.2 Riskier case for Wallonia - CO2 budget just positive in 2050

This case is presented in Figure 6(b) and Figure 7(b). The b (slope) parameter has been
set to 0.52 while the ¢ parameter has been set to 2030, as reported in Table 2. As observed
in Figure 6(b), this case implies that carbon neutrality will be nearly achieved by 2038,
i.e. twelve years before the Green Deal commitment [42], enabling the “equity” carbon
budget to return to positive values in 2050.

This case is risky as it inevitably relies on negative emissions (which can be
ethically contentious [83]) for the carbon budget to return to positive values, but also
because of the very steep mitigation effort that would have to be performed due to delayed
GHG reduction. A delayed mitigation of only two years (represented by the ¢ parameter)
compared to the nominal case actually requires significantly steeper GHG mitigation
pathways, as depicted by Figure 1(c). Indeed, the slope needs to be about twice as steep
as that of the nominal case, as reflected by the b parameter being twice as large. In
addition, carbon neutrality needs to be achieved approximately two years earlier than in
the nominal case.
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Figure 6. Two cases of proposed sigmoidal GHG mitigation pathways for Wallonia and the corresponding
remaining carbon budget over time: (a) Safer case with the carbon budget never exceeded and early GHG
mitigation starting in 2020, allowing for a gentler slope of the mitigation effort, (b) Riskier case where the
carbon budget is (slightly) exceeded, due to delayed GHG mitigation, leading to a relatively steep slope of
the mitigation effort.
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Figure 7. Resulting yearly GHG emissions and territorial absorption of the two cases proposed in Figure
6: (a) Safer case with the carbon budget never exceeded and early GHG mitigation starting in 2020,
allowing for a gentler slope of the mitigation effort, (b) Riskier case where the carbon budget is (slightly)
exceeded, due to delayed GHG mitigation, leading to a relatively steep slope of the mitigation effort.

3.3 Nominal case for France - CO2 budget never exceeded

Similarly to Figure 6(a), the nominal case for which the +2°C “equity” carbon budget has
been computed and illustrated in Figure 8. Since the initial individual carbon footprint in
France is roughly half of what was assumed for Wallonia, the necessity for early GHG
mitigation is therefore less pronounced. Therefore, as indicated in Table 2, the year of
maximum mitigation rate, i.e. ¢ parameter of Equation (3), has been set to 2036 whereas
the slope parameter, i.e. b parameter of Equation (3), has been set to 0.25. As outlined in
Table 3, this results in maximum slopes of the mitigation pathways being at least half as
steep as in Wallonia’s nominal case.

The exploration of a second (riskier) case for France is considered less relevant.
Indeed, delaying GHG mitigation (and allowing the “equity” carbon budget to
temporarily dip into negative values), would necessitate once again a steeper GHG
mitigation rate, echoing the scenario observed in Wallonia’s case. However, it is still
worth mentioning that, in line with Wallonia’s findings, the slope of the GHG-decreasing
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emissions would also need to be about twice as steep, necessitating a nearly doubled b
parameter in Equation (3).
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Figure 8. Example of sigmoidal GHG mitigation pathways for France and the corresponding remaining
carbon budget (nominal case, with the carbon budget never allowed to be exceeded).

3.4 Uncertainties

As it can be deduced from the flow chart summarizing the methodology used in
this work (reported in Figure 3), there are as many sources of uncertainties as data or
projections that have been retrieved and incorporated into the method. First and foremost,
it is crucial to emphasize that IPCC's +2°C carbon budget (used as a reference in this
work) is not an absolute prediction but rather indicates a likelihood, and it is furthermore
reported with an inherent uncertainty of approximately £30% [1]. Fortunately, the effect
of non-CO2 GHG emissions, including the uncertainty linked with the time-dependency
of their warming impacts (as illustrated in Figure 2), is already accounted for in the carbon
budget's overall uncertainty [1,7]. Similarly, the unmitigable non-CO, emissions are
estimated in IPCC’s AR6 with an uncertainty of £37.5% [1].

Likewise, current territorial carbon absorption levels are not yet well studied and
are associated with high levels of uncertainty. For example, only two of such figures have
been identified (and reported in this work) for Wallonia in the last 25 years, and they
exhibit a ratio close to two (£30% around the average) [51,85]. As another illustrative
example, it has been reported that a recent estimation, conducted in 2022, revised the
territorial carbon absorption level in France to be 67% lower than the previously accepted
value [50]. It is noteworthy that the IPCC has updated its guidelines for evaluating carbon
absorption methods in 2019, which EU members are expected to adopt in their practices
for the period following 2023 [50].

As explained, carbon footprint accounting methods may differ and none of them
is perfect or garners unanimous scientific consensus [30]. For example, it has been stated
that France’s carbon footprint accounting methodology has been recently revised (mainly
regarding methane emissions), which led to a decrease of 20% in the carbon footprint
(based on the results reported for 2018) [50,100]. Given the lack of carbon footprint
studies for Wallonia, such uncertainty figures could not be established. However, it has
been reported in one of the studies used in this work to establish Wallonia’s carbon
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footprint that the carbon footprint of countries can be estimated within the £15% range
[71].

As demonstrated, the uncertainties associated with the existing data are already
significant and this does not even consider the projections in the 30-year range until 2050.
For example, regarding the territorial carbon absorption pathway, it is well established
that climate change may lead to positive carbon sequestration feedback loops, such as
increased wildfire risks [95] or the potential reduction of carbon uptake due to increased
vegetation respiration [96]. Therefore, to face those potential positive feedbacks, a
security margin (yet to be quantified) could be added to the territorial carbon absorption
target pathway. It is noteworthy that this would constitute a similar approach to the way
the carbon budgets reported by the IPCC intrinsically consider some positive feedback
risks over positive GHG emissions (such as the amount of GHG that could be released
by the thawing of the permafrost) [6,7].

Population projections also come with significant uncertainties, stemming from
very uncertain phenomena such as migration balances, life expectancy, fertility rates, etc.
For example, the uncertainty over France’s 2050 population can be estimated to be about
+8% (with the available scenarios) [47,101]. The data used to compute Wallonia’s
population projection has not been reported with any uncertainty level [102] but the same
figure as France can be considered given the fact that the two regions/nations are
culturally, geographically, climatically, and economically close.

Although applying the NIST uncertainty propagation method [103] to all the data
and its manipulation is possible, it has been decided for simplicity reasons to neglect the
uncertainty associated with population levels. This is because it only reaches its
maximum of £8% in 2050 and not over the whole timeframe. Furthermore, in 2050, the
GHG emissions are supposed to be near zero or reach zero, minimizing the contribution
of this uncertainty. The +30% uncertainty in the carbon budget must, however, be
considered. This uncertainty level has been propagated for illustration purposes on the
individualized carbon footprint mitigation pathway (CO.-only curve) established earlier
for Wallonia in Figure 6(b). This has been reported in Figure 9. As it can be observed,
with a slope parameter of the logistic function unchanged, i.e. b in Equation (3), the
reported +30% carbon budget uncertainty results in a £65% uncertainty zone on the
carbon footprint, but more explicitly on a £3 years uncertainty zone on the ¢ parameter
of the logistic function. This means that, if the remaining carbon budget was actually
reevaluated 30% lower than it currently is, the CO2 mitigation efforts would need to be
advanced by approximately 3 years.
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Figure 9. +30% carbon budget uncertainty propagation on the individualized carbon footprint pathway
established for Wallonia in Figure 6(b). It can be remembered that this scenario was considered the riskiest,
as it allowed the carbon budget to be (temporarily) exceeded.

4. Limitations and further works

It is worth mentioning that the cases computed in Figure 6 (and in Figure 8 for
France) are examples of GHG pathways that are “just compatible” with IPCC’s +2°C
“equity” carbon budget. These scenarios are yet considered as “opposite” in terms of the
b and c parameters (slope and year of maximum mitigation rate) and other intermediate
“just compatible” scenarios could be similarly computed, with intermediate b and ¢
values. However, these would not change the inferences established in the previous
sections. Also, as already stated, these “just compatible” scenarios must not prevent GHG
policies from aiming for earlier or steeper GHG mitigation.

It has already been established in the methodology section that, in carbon budget
and carbon footprint calculations, the use of GHG forcing-equivalent potential varying
over time (to account for the future warming impact of short-lived climate pollutants, i.e.
SLCPs) instead of traditional “absolute” GWP would be more relevant [58]. However,
converting common carbon footprint figures, which could simply be derived for example
from widely used individual carbon footprint calculators [99], was not in the scope of this
work. Such GHG forcing-equivalent indicators could nevertheless be directly
implemented at the carbon footprint calculator level.

Another limitation of the proposed method is that it assumes a carbon absorption
target of 1 tCOqeqlyear per capita (mainly through natural sinks). Although deemed
relevant (but challenging) for Wallonia and France, it would most likely be unrealistic for
regions and nations with even higher population densities. Thesedensities. These
regions/nations might therefore require international collaboration to “share” carbon
sinks (and possibly also “share” the initial “equity” carbon budget). It is worth mentioning
that territorial carbon absorption pathways might not be linear, unlike those considered
in this study for simplicity reasons. In further works, they might also be better modelled
with their own inverted “S-shaped” patterns, potentially defined using Equation (3).
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Regarding the data used as an input to the study (reported in Table 2), it has been
established that Wallonia’s carbon footprint of about 16 tCO2eq/year per capita could be
considered valid up to the year 2011 (last available data) [7]. That figure might therefore
be considered obsolete, especially because it seems quite high compared to the 9.2
tCO2eq/year per capita value established for France (which is one of its neighbouring
countries). However, Belgium’s carbon footprint (and, by extension, Wallonia’s) has not
significantly decreased in ten years between 2001 and 2011 [7], leaving no reason to
believe that it has since then. Similarly, France’s carbon footprint has also not been
significantly reduced between 1995 and 2020 [50].

In addition, it must be noted that the resulting target individualized carbon
footprint mitigation modelled through “S-shaped” pathways is purely theoretical. Indeed,
it has already been established that more realistic pathways could probably be represented
by modelling the combination of several technologies and behavioural changes,
associated with their respective diffusion and adoption rates. At the cost of increased
complexity, an identified solution to this would be to discretize the overall
regional/national pathway into several logistic functions (several “S-shaped” patterns
combined) to better accommodate GHG mitigation effects featuring significantly
different time constants.

Furthermore, the suggested individualized carbon footprint approach is far from
being perfect. This is primarily due to the lack of scientific consensus on the method of
calculating carbon footprints [104] and the fact that one’s capability of mitigating their
GHG emissions can be quite different from another’s. This risk has indeed been similarly
identified for lower-income/vulnerable households with personal carbon allowance
approaches (PCAs) [34].

Despite these limitations, this work successfully achieves its objective of
providing individuals (and, by extension, collectives) with a straightforward approach to
help understand the scale of reduction required in their carbon footprints, both in the
short-term and long-term. It is noteworthy that in further works, the method developed in
this work to link IPCC’s carbon budget to individual carbon footprint is fully reproducible
with other GHG pathways than the sigmoidal ones recommended in this study (such as
exponential decay functions, for example).

A trivial limitation of this work lies in the fact that it mainly focused on the chosen
case studies of France and Wallonia. Another improvement would be to extend this work
to all countries of the European Union (and other regions of the world), especially
regarding territorial carbon absorption capabilities that have been identified in this work
as critical (to reach GHG neutrality). Fortunately, the suggested method relies on easily
available data and is simple enough to be reproduced quite straightforwardly.

5. Conclusions

The method developed in this study allows for linking IPCC’s “equity” carbon budgets
[7] to individual carbon footprints and is therefore compatible with existing online
individual carbon footprint calculators [99]. Thus, considering population levels, it can
be used in climate policies at the scale of the community to establish GHG mitigation
pathways compatible with those carbon budgets, which is not guaranteed with usual
existing policies, mainly because of the lack of mitigation objectives set on imported
emissions [7].

In addition to the consideration of imported emissions through total carbon
footprint approaches (and not only territorial emissions), the method proposed in this
work offers other advantages compared to most current climate policies. For instance, by
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committing to GHG mitigation pathways (over the 2020-2050 period) and not only to a
late emission rate target [7], carbon budgets can more likely be secured, at least if those
GHG pathways are respected. Indeed, essential short-term GHG mitigation targets are
quite easily established with the method suggested in this work.

Even if those initial pathways are not respected from one year to the next (less
mitigation than expected), yearly updates can easily be established once again using the
same method. The slope of the required mitigation efforts will thus be increased (as
inferred by Figure 6). This requires carbon footprints to be monitored yearly and
compared to the carbon budget compatible GHG emissions pathways.

In addition, the proposed GHG mitigation pathways follow inverted “S-shape”
patterns modelled thanks to Equation (3) that, even though quite theoretical, are more
realistic [22] than linear trends assumed in most climate policies [7]. This is mainly
because “S-curves” consider “inertia” and ‘“asymptotic” effects associated with the
implementation of (renewable) technologies. It is noteworthy that this method has been
stated to be reproducible with other realistic GHG mitigation patterns (such as
exponential decay functions).

More importantly, the suggested method has been scaled down to the individual
carbon footprint and can be reproduced easily on other levels (household, district, region,
continent). As stated, the individual level allows for everyone to set their own yearly
GHG mitigation targets and monitor them, thanks to the intrinsic compatibility with
largely used carbon footprint calculators [99]. People can therefore relate more easily to
climate policies set by public authorities and public resistance to climate policies can be
reduced thanks to “audience-specific messaging and framing” [29]. In that matter,
individuals should also be encouraged to regularly compute and compare their personal
carbon footprint with the targeted one (and potentially also their cumulative historical
emissions). In addition, the proposed method has the advantage of intrinsically
considering projected population growth through its multiplication with the average
individual carbon footprint. Three main Sustainable Development Goals (SDGs) [32] are
thus directly addressed by this work: climate action (SDG13), sustainable consumption
(SDG12), and reduced inequality (SDG10), achieved through the consideration of
individual “equity” carbon budgets.

It is worth mentioning that developing this method over the chosen case studies
of Wallonia and France has led to many general inferences. Firstly, this work has
highlighted that it is preferable to consider 1 tCOzeq/year per capita as the 2050 individual
carbon footprint target rather than the 2 tCOzeq/year per capita usually reported, for
example, in well-known carbon footprint calculators [99]. This figure comes from the
unmitigable non-CO2 GHG emissions reported by the IPCC in its AR6 [7].

Secondly, through the Green Deal 2050 GHG-neutral commitment in Europe
[42], those unmitigated non-CO2 GHG emissions are assumed to be absorbed territorially.
This could either be performed through nature-based, i.e. natural sinks [79], or
technological methods [80]. However, the latter are still immature: they can be considered
too risky [7] and ethically questionable [83] for climate policies to rely on them, even
though their development is still highly needed in the context of risk mitigation.

At last, this work has led to findings specific to France and Wallonia’s case studies
(that may be relevant to other regions/nations). The first one is that Wallonia needs to
conduct (and finance) studies on individual and/or total carbon footprint (considering
imported emissions). To the knowledge of the author, the last carbon footprint available
data for Wallonia was established for the year 2011 [72], whereas for France, carbon
footprint data are regularly reported, and the latest was for the year 2018 [45].
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Strong GHG mitigation, especially in Wallonia, is required to be implemented as
soon as possible for the suggested pathways to be compatible with IPCC’s “equity”
carbon budget. Unlike France, the computed scenarios for Wallonia show that the initial
carbon footprint is so high that carbon neutrality would have to be reached at least ten
years before the 2050 climate-neutral European Green Deal commitment [42].

At last, considering technological carbon absorption methods too risky, both
Wallonia and France need to maximize their natural carbon sinks to match as closely as
possible the unmitigated “equity” non-CO> GHG footprint in a net-zero CO- future [1]
and ensure the GHG-neutral commitment of the Green Deal [42]. That accounts for 1
tCOzeq/year per capita, and this respectively represents a +300% and a +370% increase
compared to the estimated current levels of Wallonia and France’s territorial carbon
absorptions. This could be performed by rethinking land-use in every single area of the
territory. Carbon uptake can still be maximized without changing land affectation,
especially for agricultural lands, through alternative agricultural techniques such as
permaculture [86], or for urbanized areas, through intensive urban vegetation such as
green roofs [92]. Residential lawns also have a good increase potential in carbon uptake
[94] if specific encouraging policies were to be implemented.

Although this work focuses on Wallonia and France, its applicability is wider, as
it has been demonstrated that the suggested method to compute relevant GHG mitigation
pathways is quite simple and relies on easily available data. Therefore, it can be easily
reproduced and can apply toto most nations and/or regions.
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