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Abstract: The Paris Agreement, ratified in 2015, pledged to reduce greenhouse gas emissions within a
Global Carbon Budget that limits the global temperature increase to less than 2 ◦ C. With the Roadmap
2050 mitigation measures, the European Union has a target to reduce emissions by 80% of their
1990 value by 2050 but without giving an estimation or a maximum ceiling for the total amount of
cumulative greenhouse gases emissions over that period. Thus, the impact of the EU regulations
on global warming remains unestimated. The aim and the novelty of this study are to develop a
set of potential European emissions trajectories, within the Global Carbon Budget and at the same
time satisfying the Roadmap 2050 goals. The result of the study highlights the urgency to reinforce
mitigation measures for Europe as soon as possible because any delay in policy implementation risks
the Roadmap 2050 mitigation package being insufficient to achieve the objectives of the Paris treaty.
Keywords: carbon budget; greenhouse gases; decarbonization; climate change

1. Introduction
The 21st Conference of the Parties (COP21) [1] highlighted the need for a rapid transition away
from fossil fuels in order to maintain the emissions of greenhouse gases (GHG) below a level that
would result in a temperature increase of 2 ◦ C above pre-industrial levels. This threshold is sometimes
defined as the “tipping point” between ‘dangerous’ and ‘extremely dangerous’ climate change [2].
The remaining cumulative carbon emissions that would keep temperatures below this threshold
is commonly termed ‘Carbon Budget’ and it is defined as the total carbon emissions that were (or will
be) released by human-driven activities, first and foremost the fossil fuel cycle of extraction and
burning. This amount is subject to several sources of uncertainties but a general agreement exists that
it should not exceed ca. 1000 Gigatons of Carbon (GtC) [3,4]. According to the Fifth Assessment Report
(AR 5) of Intergovernmental Panel on Climate Change (IPCC) [5], 515 GtC had been already emitted
by 2011, which leaves us with less than 485 GtC available today. Due to the fact that the prevalent
greenhouse forcing in the atmosphere is related to carbon dioxide, this is frequently expressed also in
term of carbon dioxide equivalent units [6]. In the present study, we adopted this unit so that 485 GtC
becomes 1780 Gigatons of carbon dioxide equivalent (GtCO2eq ) [7], and includes the impact of all the
greenhouse gases, not only carbon dioxide.
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From the available data, it is apparent that if the world’s use of fossil fuels continues along the
current path, the remaining carbon budget will be exceeded in a few decades at most [8]. Hence, it is
commonly agreed that, to reduce emissions, it is necessary to drive the world’s economy to invest in
renewable energy provisioning [9–12] and in favoring the development of circular economies [13–15].
Recent work, such as by Van Vuuren et al. [16] shows that a combination of an increase in resource
efficiency, sustainable energy production and investment in human development could lead to a
successful transition towards a more renewable energy supply. The physical requirements for a
successful transition have been studied by Bardi et al. [17] who found that the transition is possible but
it will require considerably larger efforts than is commonly believed. Approaches to mitigate climate
change are based on policy options such as a carbon tax [18] that encourage each carbon production
sector to cut the emissions. In practice, the details of a plan that would lead to decarbonize the world’s
economy are still under development.
In Paris, each country was invited to present plans for “Nationally Determined Contributions”
(NDCs) which were not calibrated in terms of the worldwide carbon budget and which turned out
to be clearly insufficient to achieve the 2 ◦ C target [19,20]. In addition, a further complication faced
in the task to split a global carbon budget into a country’s quota, is that the available historical
emissions are aggregated according to the Kyoto Protocol emissions regions [21], in which the set
of developed countries are reported as “Annex 1 Countries” whereas the others—“developing” and
emerging countries—are reported as “Non-Annex 1” countries. Thus, all the decarbonization scenarios
elaborated in this study must start by taking into account this difference: we needed to first assess
Annex 1 and Non Annex 1 carbon budgets and, only subsequently, the ones at country levels.
On the basis of these considerations, we investigate here the case of the European Union (EU),
which plans a GHG emissions reduction target of 80% below 1990 levels by 2050 [22]. This goal,
however, does not consider the cumulative emissions from now to 2050 (with the exception of the
plans developed by the United Kingdom [23,24]). There are infinite trajectories that would lead
to meeting the 2050 emissions target, but only some of these trajectories are economically feasible,
generate cumulative emissions proportional to the EU fraction of Annex-1 carbon budget, and are
compatible with the engagements taken with the COP21 Paris treaty.
In the present study, we examined the pathways that the countries defined as the “EU-28” should
follow to bring emissions 80% below their 1990 value by 2050 while at the same time limiting the
GHG emission compatible with the Paris treaty goal. This evaluation represents the novelty of our
study: we assess a carbon budget for EU 28 and a set of stylized emissions trajectories with the aim to
analyze the feasibility of current EU-28 GHG reduction objectives, under the goals of the 2015 Paris
treaty. This analysis aims to give orientations on the future policies for GHG emissions mitigation in
EU-28 to achieve the Paris treaty goals. Moreover, stylized emission pathways have the advantage
of representing a simple and versatile input for the use of techno-energy modelling tools that aim to
investigate the optimal European energy mix constrained by a cumulative emissions cap [25].
2. Materials and Methods
We start by considering the global remaining carbon budget estimation that can be found in the
Climate Action Tracker (CAT) [26]—2 ◦ C consistent scenario, which maintains warming below 2 ◦ C
with at least a 66% probability over the whole of the 21st century. The CAT database also includes
other scenarios with lower and higher probability of staying below the +2 ◦ C target. Some of these
scenarios involve “negative emissions” technologies (NETs) to be deployed during the 2nd half of
the 21st century. Unfortunately, these technologies involve high costs, significant uncertainties [27,28]
and practical hurdles, and we have not included them in the present analysis. If the decarbonisation
target is increased in ambition to achieve the 1.5 ◦ C target, using NETs technologies once they have
been proven to be efficient and economically feasible [28] then these targets could be included in this
analysis at a later date.
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Thus, we select as reference the ‘2 ◦ C consistent’-median scenario that allows 3 GtCO2eq /year
residual emissions until the end of the century. That means a total emission allowance is estimated
as 1949 GtCO2eq , rather than the 1780 GtCO2eq value that assumes zero residual emissions. In the
present paper, we use the past trend in emissions to explore three different scenarios where emissions
reductions occur immediately or are delayed to 2020 and 2030. We make no explicit hypothesis on
what could be the technological or policy-based actions that generate the assumed emission reduction,
and as a first approximation, we assume an exponentially declining shape for the emissions curve, used
to evaluate a yearly rate of change of the emissions that meets the carbon budget. This simple approach
was chosen in place of more complex trajectories that could be generated by assuming a smooth peak
before the start of the decline. Such trajectories have been examined in various studies [29,30] but they
introduce new, unknown (or often stochastically modelled), parameters in the model while adding
little or nothing to the primary purpose of this study, that is, estimating the decline rate necessary for
reaching the goals of the Paris treaty. For this reason, exponentially declining stylized trajectories are
commonly used to understand the long-term climate impacts of GHG emissions as, for instance, in the
C-ROADS simulator tool [31] or in other Integrated Assessment Models [16,32–35], as well as in the
work of Kuramochi et al. [36]. Kuramochi’s work, in particular, explores several mitigation scenarios
evaluating possible carbon budgets values for Japan until 2100. That research has been carried out
elaborating linear projections of the national historical GHG emissions data toward intermediate future
years. Changing the slope of the curves the authors represent different aspects of economic/social
challenges in reaching the massive decarbonization required of Japan, in a framework compatible with
the 450 ppm or 550 ppm CO2 stabilized level scenarios reported in the literature. This methodology
is similar to the one used in this study, except for the fact that linear extrapolations are not suitable
for the Roadmap 2050 intermediate goals. This is why we adopted exponential and power functions
curves which allow the inclusion of those goals in the decarbonization routes.
In the AR5 [37] trajectories proposed by IPCC emissions peak in 2011, but more recent data show
that emissions are, on average, still increasing from that year (even though a decline has been observed
in 2016 in comparison to 2015) [38]. The emission pathways we propose here were developed projecting
forward past trends in GHG emissions, assuming that in the absence of substantive policy actions
emissions will continue in line with the IPCC scenario AR5—“business as usual” (BAU) scenario
report in CAT database as ‘AR5-BAU-high’.
We implemented two models to estimate the shape of the emission curves. One is a simple
exponential decay, where emissions in the future year decrease at a rate proportional to their current
year values (1), and it is used to estimate 2020 and 2030 scenarios, at world level and the respective
residual value of the emissions in 2100.
Yi+1 = Yi − (x·Yi)

(1)

where
Yi+1 = value of the emissions at the year i+1
Yi = value of the emissions at the year i
x = constant rate
These residual values are less than 3 GtC because more carbon budget will be burnt between 2011
and 2020 and between 2011 and 2030, in comparison with the results of the CAT curves considered
in the same interval. The other assumes a power law according to the following Equation (1), which
permits when required, the forcing of the curve toward determined constraints (i.e., the GHG residual
values estimated in 2100).
Y = Yi + (Yi − Yf) (1 − x/(Xf − Xi))a ,
where

(2)
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Yi = value of the emissions at the start (2020 or 2030 according to the two scenarios examined here);
Yf = Value of the emissions at the end (2100);
Xf = final year (2100);
Xi =initial year (2020 or 2030);
x = intermediate years (between 2020–2100 or 2030–2100) at which calculating the emissions;
a = is the variable parameter with values >0.
Moreover, due to the fact that we assume 1949 GtCO2eq as initial reference data, the elaborated
scenarios in the present study will be affected by the same uncertainty, that is, 66% of probability to
maintain warming below 2 ◦ C over the whole of the 21st century.
In the same manner as the EU policy did in establishing an 80% cut in emissions from their 1990
value by 2050, the adoption of these simple methodologies does not claim to be able to capture possible
dynamics in terms of economic, technical or physical constraints which each EU-28 country could face
whilst move towards this goal. Nevertheless, we believe that, even within the limits of this approach,
our results highlight an issue that had not been evidenced before: the presence of an important gap
in how to manage the global policy of the Paris treaty toward sub-geographical levels. Although
the COP21 is speaking in terms of cutting cumulative emissions, single states have not yet reached
a level of planning compatible with the global needs. Thus, we present here a simple method to
evaluate carbon budgets that could be useful to shape future national and regional policies (European
in particular) within the global framework of climate change mitigation actions.
Figure 1 shows a first set of scenarios developed on the basis of the exponential model outlined
in the previous section. These scenarios are compared with the BAU scenario ‘BAU high’-IPCC-AR5,
(black dotted line) which assumes a progressive increase of carbon emissions. The figure also shows
the ‘2 ◦ C consistent’—median (green dotted line) transition scenario, that assumes the goals of the Paris
treaty can be obtained, that is, no more than 1949 GtCO2eq are cumulatively emitted. This scenario is
obsolete by now, but it is shown for comparison.

Figure 1. Global emission scenarios until 2100. Historic trend (black line), “business as usual” (BAU)
from the Fifth Assessment Report (AR 5) by the IPCC (black dotted line) and 2 ◦ C consistent (green
dotted line) curves are from Climate Action Tracker database. The area under the green line is equivalent
to a world carbon budget, 1949 GtCO2eq . Light blue and blue dotted curves are respectively the 2020
and the 2030 Mid Level Transition (MLT) scenarios obtained with exponential decay at constant rates
(−4.4%/year in 2020; −11%/year 2030) with the constraint that the area under of each of those curves
is equal to the value of the green one (1949 GtCO2eq ).

Two scenarios are proposed in the figure, with emissions starting to be cut, respectively, by 2020
and 2030. By cutting emissions from 2020 at a rate of −4.4% per year, the resulting emissions curve
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(2020 Scenario in Figure 1) is compatible with the 1949 GtCO2eq carbon budget. For the scenario
starting in 2030, the same goal requires a decline rate of −11% yearly. Note that the choice of an
exponential function to simulate the emission trajectory generates a final emission rate in 2100 lower
than the 3 GtCO2eq /year fixed by the 2 ◦ C scenario. With this approach, we found 2100 emission
values of 1.8 GtCO2eq /year for the 2020 Scenario and 0.023 GtCO2eq /year for the 2030 Scenario.
The next task in our study was to separate the global emissions into two scenarios that correspond
to Annex 1 and Non-Annex 1 countries. We started from the historical cumulative emission ratios
calculated with the Climate Analysis Indicator Tool, CAIT [39] from 2000 to 2012. We found that,
on average, during this period 40% of emissions came from Annex 1 countries and 60% from
Non-Annex 1 countries. We assume that this ratio will be maintained also as yearly emissions rate
proportions among the two Annex regions during the transitional phase toward a renewable energy
system. Different assumptions are possible, but this is the simplest one. We note also that this is not the
same as the principle of Common but Differentiated Responsibility (CBDR) as defined [14]; however
for this first analysis it allows us to explore the scale of emissions reductions required while noting
that further reductions could be necessary if CBDR requires greater effort from Annex 1 countries.
The further step in this analysis is to split this transition scenario for Annex 1 and Non-Annex 1
countries by extrapolating the previous historical trends respectively to 2020 and to 2030 assuming
that the 2100 carbon emissions level will maintain the historical 40/60 ratio between the two sets
of countries.
It is impossible to satisfy this set of constraints with a simple curve that simulates an exponential
decay. In other words, an exponential function cannot, at the same time, generate a given cumulative
value for the emissions and a specific value of the yearly emissions in 2100. Therefore, we used a
power law to describe the declining emission trajectory. This function allows us to constrain a curve
between an initial and a final point and to vary its curvature by changing the value of the exponent,
therefore satisfying both conditions above.
3. Results
Figures 2 and 3 are representations of the Transition scenarios, at global, Annex 1 and Non-Annex
geographical levels using the previously introduced power law model.

Figure 2. 2020 Global scenario. Emissions trajectories at Global Level: BAU black empty dots, 2 ◦ C
consistent, green empty dots, 2020 scenarios (cyan dots, −4.4% year). The 2020 scenario split the
residual emissions in 2100 considering, on average, 40% of emissions will come from Annex 1 countries
(red dots) and 60% from Non-Annex 1 countries (yellow dots).
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Figure 3. 2030 Global scenario. Emissions trajectories at Global Level: BAU black empty dots, 2 ◦ C
consistent, green empty dots, 2030 scenarios (cyan dots, −11% year). The 2030 scenario split the
residual emissions in 2100 considering, on average, 40% of emissions will come from Annex 1 countries
(red dots) and 60% from Non-Annex 1 countries (yellow dots).

These curves satisfy the conditions set by the Paris treaty. For the 2020 scenario, we found
558 GtCO2eq total carbon budget for Annex 1 countries and 1391 GtCO2eq for Non-Annex 1 countries.
For the 2030 scenario, we found 470 GtCO2eq for Annex 1 countries and 1479 GtCO2eq for Non-Annex
1 countries. Note how the Non-Annex 1 curves have a larger relative carbon budget permitted if
mitigation starts later; this is because their emissions have been growing faster than those of the Annex
1 countries and this trend is maintained in the non-mitigated section of the scenarios.
At this point, we focused our attention on different Annex 1 countries and on their carbon budgets.
The approach we used to split the emissions between Annex 1 and non-Annex countries, was also
implemented to find the carbon budget for the EU-28, i.e., assuming the ratio between emissions of
different countries or group of countries as constant [40]. The result is that EU-28 cumulative emissions
correspond to 18.3% of the total allowed for Annex 1 countries. We assume that this ratio will be
maintained during the transition phase up to 2100. Thus, for the 2020 scenario, the EU threshold in
2100 is 18.3% of 0.72 GtCO2eq /year, that is 0.132 GtCO2eq /year, while for the 2030 scenario, we obtain
0.0017 GtCO2eq /year.
The transition trajectories for the EU-28 countries were obtained first by linearly extrapolating
the historical emission trend to 2020 and 2030, respectively, and subsequently linking these to the
final emissions in 2100 according to a decaying power-law function with the constraint that the total
emissions must not exceed the allowed values (see Figures 4 and 5).
The EU target of −80% GHG emissions by 2050 in comparison to 1990 corresponds to a total
emission of 1121 MtCO2 /year in 2050. Note this constraint is compatible with the 2020 scenario, but not
with the 2030 scenario if we use a power law for emissions reduction. In the latter case, the reduction
target needs to be, in 2050, much more stringent to meet the goals of the Paris treaty.
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Figure 4. 2020 Annex 1 and EU 28 scenarios. Emissions trajectories and cumulative emissions for
Annex 1 (red line) and EU 28 countries (green line).

Figure 5. 2030 Annex 1 and EU 28 scenarios. Emissions trajectories and cumulative emissions for
Annex 1(red line) and EU 28 countries (green line).

As a further step to highlight the importance of cumulative emissions restriction for EU-28,
we report also the splitting of GHG emissions by the main sectors, according to the available historical
data of European Environment Agency (EEA) and the EU Roadmap projection for reductions (Table 1).
The table shows the constraints in GHG emissions by sector that the EU proposed in order to obtain an
80% reduction in the emissions for 2050.
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Table 1. EU greenhouse gas (GHG) emissions projections in 2050 by sectors as a percentage of reduction
of emission in 1990 (Source [22]).
Power Generation

Transport

Building

Industry

Agriculture

−100%

−60%

−90%

−80%

−28% 1

1

Estimated by the authors.

The percentage of decrease for agriculture sector has been estimated by the authors considering
that in 1990 the emissions from EU-28 agriculture was around 604 MtCO2 /year (EEA) while in 2014
they decreased to 435 MtCO2 /year (−28% of 1990). We decided to keep this value constant up to
2050 because according to the Roadmap 2050 estimations [22], the share of agriculture in the EU’s
total emissions will rise to about a third by 2050 as global food demand grows, even though the
report also states that reductions are possible. This evaluation implies that, in order to compensate an
increase in emissions due to the future biomass fuels/food demand growth, agriculture will need to
cut emissions from fertilisers, manure and livestock and/or massively contribute to the storage of CO2
in soils and forests. Changes toward a more healthy diet with more vegetables and less meat can also
reduce emissions [41]. For the waste and fugitive emissions reported in the EEA database, there are
no assumptions on their possible reductions in the Roadmap 2050, but several regulating actions are
ongoing at EU level to reduce these contributions [42,43]. Thus we consider here that the emissions
from agriculture could remain the same as they are today with any growth in output compensated for
by an increase in efficiency which thereby results in the −28% reduction in emissions since 1990 still
holding out to 2050.
Considering the green path for EU-28 reported in Figure 4, that is consistent with the emissions
goal in 2050 and corresponds to a carbon budget of 122 GtCO2eq (or 33 GtC), the results for future
trends for each sector of EU-28 countries are reported in Figure 6.

Figure 6. 2020 EU economic sector scenario. Possible pathways for EU-28 decarbonization, according
to the recommendations from EU 2050 Roadmap and the COP21 constraint on global warming.

Considering the green path for EU-28 reported in Figure 5 for the 2030 scenario, a similar trajectory
can be obtained, but more restrictive constraints in the emissions reductions are necessary to achieve
in the 2030 scenario the same carbon budget calculated for the 2020 scenario, i.e., 122 GtCO2eq . Thus,
in Table 2 we propose a possible combination of emissions decreases by sector for the 2030 scenario
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estimated by the authors. The estimations are consistent with the presence of very small residual
value of emission in 2100, due to the fact that most of the carbon budget, 122 GtCO2eq , will be burnt
before 2030.
Table 2. EU GHG emissions projections in 2050 by sectors as a percentage of reduction of emission in
1990 for the 2030 scenario. Percentages estimated by the authors.
Power Generation

Transport

Building

Industry

Agriculture

−100%

−95%

−99%

−99%

−50%

In this way, as already pointed out in Figure 5, we obtain an EU-28 2030 scenario with a declining
curve more similar to a cliff than to a gradual reduction (Figure 7).
In the assignment of emission by sectors reported in Table 2, we assume that the main emissions
in 2050 would come from agriculture, with the vision that biomass will be employed on a large scale
both as food and fuel, while all the other sectors should accomplish a severe decarbonization. Other
combinations of emissions by sectors are possible but, in any case, the necessary emission level in
2050 turns out to be incompatible with the 2050 goal set by the EU-28 states: for the 2030 scenario
the emissions in 2050 are around 366 MtCO2eq /year instead of 1121 MtCO2 /year, as per the EU
policy goal.

Figure 7. 2030 EU economic sector scenario. Possible pathways for EU-28 decarbonization, according
to the recommendations from EU 2050 Roadmap and the COP21 constraint on global warming.

4. Discussion
At the global level, the concept of a carbon budget is commonly used and well understood.
However, it has not been redistributed among sub-geographical levels (e.g., between continents,
developed and developing countries, sectors) and the cumulative GHG emissions are not at the centre
of any regional policy discussion in European countries, except in the case of the United Kingdom. This
is not due to lack of data [44], considering that GHG emissions historical data, and also projections,
are available from different sources (e.g., Intergovernmental Panel Climate Change, International
Institute for Applied Systems Analysis, United Nations Framework Convention on Climate Change),
at least for developed countries. In particular for EU countries, the European Environment Agency
gathers those data with the mission to inform the community and the member countries about
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their potential contribution to the global increase in temperature. The EEA works closely together
with national environment agencies or environment ministries that are committed to monitoring the
emissions and periodically report their progress. Nevertheless, European climate targets, as already
mentioned, consist only of a cut in emissions to be achieved by a certain point in time (−80% of 1990’s
GHG emissions by 2050) [45].
The EU is not alone in its approach, as the NDC recommendations are not formulated to account
for the carbon budget limits. Thus, also outside the European context, we found only a few preliminary
studies [36,46] that have raised the need to think about mitigation policies in terms of allowed
‘cumulative emissions quotas’ per country or region. In particular one study [46] does estimate the
carbon budgets over 10 geographical regions, including Europe, and an estimation of the related
average mitigation rates. The carbon budget of 122 GtCO2eq assessed in this study is compatible with
the blended emission scenarios of 125 GtCO2eq [46] for a 2 ◦ C target of warming. In fact, the 2020
or 2030 pathways we propose are optimized to match, by means of the estimation of the carbon
budgets, the long-term stabilization scenarios of 450 ppm of carbon dioxide [47] (corresponding to
a 2 ◦ C of global warming) and, in the case of the EU, to match also the 2050 mitigation objectives.
Those trajectories also evidence the urgency to implement decarbonization policy as soon as possible:
delaying mitigation measures of ten years—from 2020 to 2030—implies the available carbon budget
from 2030 is drastically reduced due to a persistent “business as usual” emissions behaviour; thus,
the economic sector decarbonisation goals of the present Roadmap 2050 would require much more
stringent thresholds.
Our trajectories are also suitable to be employed in Energy System Optimization Models (ESOMs)
modelling (for instance in TIMES Integrated Assessment Model World). This family of modelling
tools are designed to quantify the features of an energy system, as technical efficiencies, costs, load
structures, and also emissions, but in general, the parameters that are emissions policy related are
left as exogenous inputs that must be specified before the analysis can be performed. Thus, we can
conclude that our scenarios could instead be used as exogenous inputs to perform ESOMs simulations,
which are able, once the policy is framed, to estimate the energy needs and the economic consequences
of such decarbonization strategy. In this respect, ESOMs help to overcome the limitations of our simple
scenarios that do not directly provide evidence of the energy/economic impacts.
5. Conclusions
The aim of this study is to present a simple method to assess European carbon budget scenarios,
by means of highlighting the limitation of the present EU mitigation policy strength, in the view that
Europe, as a set of developed countries, should play an active role in accomplishing the Paris treaty
agreement. The trajectories proposed here link, for the first time, a regional policy to a global policy
by means of the estimation of a regional carbon budget. We also found that active policies to reduce
emissions for Europe are urgent and should be implemented as soon as possible in order to limit the
European contribution to climate change.
The results shown here can support the estimation of the quantitative evolution of carbon
emissions. This is achieved by developing trajectories that give estimations of the yearly rate of
emissions reduction to achieve the target set by the Paris COP21 agreements, taking into account
the constraints given by final objectives of EU policies. At this stage, our results are limited by
the assumption that future global and European emissions reduction will occur exponentially, thus
we recognize that the feasibility of the EU decarbonization target by 2050 is explored under this
approximation. The improvement of the trajectories represents the future task we are already working
on, modeling the renewable energy transition in Europe with the MEDEAS model (H2020 funds;
www.medeas.eu). Nevertheless, we believe this work can stand independently by the use of MEDEAS
model because the scenarios proposed, thanks to their simplicity, can be used as a reference for any
other model which has the purpose of assessing emissions trajectories under an EU carbon budget goal,
even evaluated as a first approximation. And most of all, we think the study contains a new important
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message that invites policymakers to revisit the present EU policy mitigation agenda, linking it more
actively and quantitatively to the ‘big-picture’ commitments signed within the Paris treaty.
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