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Abstract

Although greenhouse gas emissions have significantly reduced, the European Union still
faces a major challenge in meeting its 2050 net-zero goal set under the European Green
Deal. Focusing on the impacts of population, economic output, and carbon intensity of
economy, this study employs Index Decomposition Analysis to estimate the reductions
in carbon intensity needed to reach this target. The findings show that the extent of the
technical effort required for decarbonization is much influenced by economic expansion.
Under a 3% annual Gross Domestic Product growth scenario, the EU’s carbon intensity of
economy must decline by 11.8% per year, which is a particularly demanding rate given the
already low baseline. The decomposition also quantifies the technological challenge: under
high growth, up to 5867 MtCO, in reductions would be needed by 2050 (compared with
1990), with Carbon Capture and Storage (CCS) contributing only 10-15%. In contrast, in
zero- or negative-growth scenarios, required reductions fall to 4923-4594 MtCO,, with CCS
accounting for up to 50-90%. These results show that decarbonization in EU industrial
sectors requires systemic transformations and strategic CCS deployment. A balanced
approach, limiting economic growth and increasing innovation, appears essential to achieve
the climate neutrality target.
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1. Introduction

The European Union (EU) has established ambitious climate targets under its European
Green Deal [1] aiming a 55% decrease in greenhouse gas emissions by 2030 relative to
1990 levels and net-zero emissions by 2050. These targets are supported by policies such as
the strong push for renewable energy, with the European Union (EU) aiming for 40% of
its energy consumption to come from renewables by 2030 and the EU Emissions Trading
System (ETS), which incentivizes emission reductions. Between 1990 and 2023 [2], the EU
made significant progress, lowering its greenhouse gas emissions by almost 40%. But it
needs to keep working to reach the 2050 targets, particularly given that some industries
still face high emissions.

While this study is on EU emissions, it is vital to emphasize that, despite the EU’s
progress, global cooperation is still absolutely necessary to combat climate change efficiently.
Major emitters like China (31.9%), the United States (13.2%), and India (8.0%) have a much
greater part; the EU-27 emissions constitute about 6-7% of world CO; emissions [3].
Meeting worldwide climate objectives calls for the combined efforts of every country,
particularly non-EU nations. Although the EU is making good strides, its capacity to meet
long-term objectives will be compromised if other main economies, especially developing
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countries, do not drastically control their emissions. This worldwide issue calls for a
coordinated strategy to guarantee everyone’s sustainable future.

To better understand the factors underlying emission trends across countries, an
analysis covering the top ten emitting economies between 1971 and 2012 found that, from
a global perspective, GDP per capita, energy intensity, and population were the most
influential driving forces [4]. Particularly, the primary causes of rising emissions differed
by nation: GDP growth was the primary driver in the United States, Canada, and India;
energy intensity in Korea and Brazil; carbon intensity in China; and population in Russia,
Japan, and Iran [4]. This analysis was conducted using the Kaya Identity, a widely applied
framework for examining CO, intensity trends. The Kaya Identity decomposes aggregate
CO, emissions into four key components, population (a social factor), GDP per capita
(economic growth), energy intensity, and carbon intensity (technological variables), thus
providing a structured and valuable tool for forecasting emission trajectories [5].

From 1990 to 2018, an examination for the EU shows converging toward a shared
decarbonization path. Still, the elements linked to energy efficiency and reliance on fossil
fuel show the lowest convergence speeds and greatest half-life values, which helps to
confirm that these technical changes pose the most major hurdles for EU members in
reaching carbon neutrality [6]. In general, OECD areas have shown a good trend defined
by a continued drop in energy intensity and a hopeful drop in carbon intensity. It is usually
considered that policies aiming the increase in energy efficiency are the most significant
forces driving down GHG emissions [6,7]. In any case, carbon intensity of energy sources
shows more sustained heterogeneity [8] even if energy intensity tends to converge among
OECD countries. Global research confirms that, particularly over longer timeframes, carbon
intensity of energy sources has lasting effects on emissions, while the effects of GDP per
capita and energy intensity often attenuate over time [9].

Together with the Kaya analysis, the Index Decomposition Analysis (IDA) is a signifi-
cant methodological instrument for examining the key variables in the emissions trends.
IDA’s main goal is to objectively decompose an aggregate indicator, such as energy con-
sumption or CO, emissions, to determine and quantify the contribution of particular
socioeconomic and technical driving forces to the total change in that indicator [10,11].
In the EU, for instance, extensive decompositions utilizing the LMDI (Logarithmic Mean
Divisia Index) combined with convergence and decoupling analysis revealed that economic
activity still drives emissions but that energy intensity has been far more important than
renewables or energy-source substitution in several member states [12]. Reductions in
energy and carbon intensity as the main contributors to emission declines over the last
decades have also been highlighted elsewhere [13-15]. They concluded that technological
improvements and structural changes in energy systems enabled partial decoupling be-
tween economic growth and emissions. However, both works [13,14] emphasize that the
positive effect of economic activity remains strong, increasingly offsetting technical gains.
This limitation becomes more evident when national or multi-sector perspectives [15]
are introduced, such as in the case of Spain, where sectoral decomposition reveals that
transport and electricity continue to drive emissions despite efficiency improvements [16].
The same idea is deduced in countries that have been EU members for longer often show
more marked declines in energy intensity and better toward emissions targets [17].

IDA /LMDI has also been widely used to address China’s environmental challenges.
The most important determinants affecting emissions have been shown to be economic
growth and energy intensity; upgrades in energy efficiency emerge as the main driver of
emission reduction [18,19]. But since 2010, its application has grown toward prospective
studies of future emission scenarios [20], a change driven by the increasing emphasis on the
Kaya identity in climate studies, including those by the Intergovernmental Panel on Climate
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Change (IPCC) [21] or in specific countries as China [22] to highlight the requirement of
more rigorous and reformed policy frameworks guaranteeing a sustainable, low-carbon
development path in the future [18]. Moreover, some studies for China use the LEAP model
to explore future CO, emission pathways under different assumptions. Results are highly
sensitive to hypotheses related to land-use change and technological development [23],
and alternative assumptions about policy strength and sectoral transformation lead to
significantly different emission reduction trajectories [24]. These findings highlight the
critical role of assumptions in scenario analysis.

Among the main strategies for pursuing a low-carbon development path and reaching
CO, reduction goals is the lowering of the carbon intensity of the economy, in which Carbon
Capture and Storage (CCS) serves a significant as a technical mitigation strategy. CCS is
widely recognized as a cornerstone technology for achieving deep decarbonization and
capture CO; emissions from industrial processes and store them underground, preventing
their release into the atmosphere [25,26]. Its main benefit is in its capacity to dramatically
lower greenhouse gas emissions, especially in difficult-to-decarbonize industries like con-
crete, steel, and chemical production where carbon dioxide is produced as a natural process
by-product rather than just from fuel combustion [27]. Furthermore, technologies for car-
bon dioxide removal (CDR), mainly Bioenergy with CCS (BECCS) and Direct Air Capture
(DAC), are increasingly recognized as essential for reaching net-negative emissions, thereby
offsetting remaining emissions from industries incapable of complete decarbonization [28].

Despite technical developments in low-carbon solutions, worldwide emissions keep
going up, therefore stressing the need of reconsidering traditional mitigation approaches.
One of these strategies aims to control or restrain GDP expansion. As the foundation
of human development, post-growth provides a socio-political and economic critique of
the current paradigm of infinite economic growth [29]. Rather, it pushes for sustainable,
egalitarian, and well-being-centered alternatives [30]. Considering that many planetary
boundaries have already been crossed [31], rather than concentrating only on CO, emis-
sions, moderating GDP growth might be critical to preserving ecological stability. Rising
as a reaction to the environmental, social, and economic difficulties connected to overex-
pansion (namely, climate change, inequality, and ecosystem degradation) the de-growth
approach questions the premise that GDP increase equals to development. It argues that
continual economic growth is essentially unsustainable on a world with limited resources.

Furthermore, some studies have concluded that consumption-based decomposition
in the EU adds an important dimension by linking emissions to final demand patterns
rather than production alone [32]. This approach aligns with production-based studies by
reinforcing the central role of economic activity in shaping emission trajectories.

Overall, the existing literature converges on the conclusion that technological progress
and efficiency improvements are necessary conditions for decarbonization, but they are
insufficient to fully offset the emission pressures associated with sustained economic
growth. Building on this consensus, recent studies increasingly point to the existence of
structural limits to further reductions in carbon intensity. This shared evidence provides
a robust empirical foundation for advancing the debate toward scenarios that explicitly
combine technological change with controlled economic growth, and for assessing the
feasibility of long-term climate targets under realistic macroeconomic conditions.

Against this background, the present study makes three main academic contributions.
First, by focusing on population, economic output, and carbon intensity, it applies the
Kaya identity and Index Decomposition Analysis to evaluate whether EU Member States
are converging toward decarbonization pathways, introducing a simplified and intuitive
representation of carbon intensity that facilitates interpretation and comparison. Second,
the paper quantifies the extent to which carbon intensity has already declined in the EU and
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demonstrates that the remaining margin for further reductions is limited under continued
GDP growth. Third, through the construction of CO, emission scenarios up to 2050, the
study explicitly estimates the magnitude of the technological effort required under different
economic growth assumptions, including the complementary role of Carbon Capture and
Storage. By quantifying how much CCS deployment and emission reductions would
be necessary in each scenario, the analysis provides concrete insights into the feasibility
of EU climate neutrality and highlights the policy relevance of considering degrowth or
growth-constrained strategies alongside technological solutions.

2. Materials and Methods

To analyze the drivers and key variables in carbon emissions, several decomposition
approaches have been developed to disaggregate the contribution of different influencing
factors. Among these, Index Decomposition Analysis (IDA) is among the most widely
applied methods due to its robustness, transparency, and applicability across sectors and
over time [11,20]. IDA begins by defining an identity that expresses the relationship
between a set of influencing factors and an aggregate indicator, such as CO; emissions [4].
One of the most commonly used identities in this context is the Kaya identity. At the
national level, the Kaya identity is represented in Equation (1):

CO, = POP-GDP-(ENE-FUEL) = POP-GDP-CO2INT (1)

where CO; represents total CO, emissions, POP is the population, GDP (GDP/P) is per
capita GDP, and ENE (E/GDP) represents energy intensity, FUEL (CO,/E) denotes carbon
intensity of the energy and CO2INT (CO,/GDP) carbon intensity of the economy. This
identity allows CO, emissions to be decomposed into four driving factors: population
growth, economic activity, energy efficiency, and the carbon intensity of energy sources.
Changes in emissions over time or differences between countries will be analyzed using
IDA methods to quantify the contribution of each factor.

The last two variables are combined in this study into one environmental / technical
component indicated by CO; emissions per unit of GDP. Three primary elements emerge
from this rewriting: (i) a social factor component reflected in population, POP; (ii) an
economic—financial component linked to per capita gross domestic product, GDP; and
(iii) a technical-environmental component including CO, emissions per unit of energy
used, CO2INT, the carbon intensity of the economy. This simplification is consistent with
commonly used data in the literature on population, per capita income, and CO, emissions,
therefore allowing a historical analysis of the carbon intensity of the economy;, i.e., CO,
emissions per unit of GDP, Figure 1.

Data for population and CO, emissions were sourced from the EUROSTAT Database [33],
while GDP per capita (current US$) terms was obtained from the World Bank Development
Indicators [34], without conversion to euros, as the analysis focuses on relative magnitudes
and therefore preserves proportional relationships. Carbon intensity of economy was
calculated between 1990 and 2023 for EU countries using Equation (1) and it is illustrated
in Figure 1. Over this period, considerable progress has been made toward the decarboniza-
tion of the economy: EU achieved a significant 34% reduction in CO, emissions, as shown
in Figure 2.

This significant reduction in carbon intensity, which declined from an average of
0.526 kg of CO, per dollar of GDP in 1990 to 0.092 kg in 2023, representing a 75% decrease
(blue line in Figure 1, which also includes trends for most EU countries), emphasizes the
great efforts made over the years to solve environmental problems, including increasing
energy efficiency, rising energy conservation, and expansion of renewable energy sources,
therefore highlighting overall decarbonization progress attained throughout the EU. The
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primary cause of the drop has been a significant decline in carbon intensity per unit of GDP,
which points to a partial decoupling of economic expansion from emissions.

EU Carbon intensity of economy (kgCO,/GDP) EU Carbon intensity of economy (kgCO,/GDP)
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Figure 1. Carbon intensity of the economy in EU-27 (CO,/GDP per capita).
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Figure 2. CO; emissions (MtCO;) in EU-27.

Despite these encouraging outcomes, it is important to acknowledge that many of
the most accessible and cost-effective emission reduction opportunities have already been
taken advantage of. One main cause is that carbon intensity of economy (CO2INT) is
now approaching near-zero levels, which, combined with the diminishing returns from
conventional efficiency improvements and the inherent complexity of decarbonizing certain
sectors, makes further emission reductions increasingly challenging. Therefore, to keep
going toward a carbon-neutral future, constant innovation, strong government support,
and systematic change will be vital.
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Considering the most recent data and the economy’s carbon intensity in EU-27 is
nearing zero, a crucial question arises: is a more drastic reduction in CO; emissions feasible,
and what are its potential limits and consequences? While great progress has been made,
achieving further reductions will require the large-scale deployment of renewable energy
and deeper decarbonization across all sectors. According variables in Figure 1, two com-
plementary strategies emerge as key pathways to achieve European climate objectives,
such as those outlined in the Green Deal [1], and to mitigate the impacts of CO;, emissions
for which Europe is largely responsible. First, carbon dioxide removal through advanced
technologies, including CCS, is indispensable, as CO, emissions per unit of GDP cannot
realistically approach virtually zero or become negative without such interventions. Second,
limiting or controlling average GDP growth is just as important as it helps to reduce effects
of global warming, helps to meet EU environmental goals, and improves the efficacy of
technical means of CO, reduction. Taken together, these tactics provide a practical and
essential means of tackling the dual challenge of attaining deep decarbonization while
keeping social and economic stability. Furthermore, knowing how much each component
contributes to total emission reductions helps one to find which techniques should be given
top priority and to what degree each may reasonably solve the issue.

3. Results
3.1. Future Emission Reductions Through Index Decomposition Analysis

To evaluate the needed decrease in carbon intensity required to reach the EU’s net-
zero emissions objective by 2050, a straightforward modeling research has been carried out.
IDA method was employed, as it is a widely recognized approach within the context of the
Kaya identity to quantify the contribution of individual driving factors to changes in CO,
emissions over time. This methodological framework allows for a transparent, quantita-
tive understanding of how socioeconomic and technological dynamics collectively shape
emission pathways, making it particularly suitable for long-term climate policy assessment.
The three variables specified in Equation (1) were used for analysis in this investigation.

Among the different IDA techniques, the Logarithmic Mean Divisia Index method
(LMDI) [10,35] is the most widely applied, using additive or multiplicative approaches
frequently applied due to their consistency, interpretability and analytical accuracy [10,36].
As proven in studies of China’s CO, emissions from 1957 to 2000 [37], IDA clarifies historical
trends, informs next scenarios, and assesses the efficacy of energy and environmental
initiatives by isolating structural and efficiency-related variables. When applying for a
Temporal Analysis of Scenarios, the IDA framework is used to quantify the contribution
of population, GDP per capita, and the carbon intensity of the economy (driving factors)
to changes in emissions (DeltaCO;) over time within a given scenario (base year 1990).
The goal is to find and measure the sources of variance in future emission paths between
two points in time, therefore enabling a clearer distinction between technological, economic,
and demographic influences.

This study interprets the net-zero objective for CO, emissions as a 95% decrease
in relation to 1990 levels, equivalent to a maximum allowable emission level of around
195 MtCO,, against 3810 MtCO, in 1990. This convention is adopted because, as emission
values approach zero, the application of logarithmic and division operations in the analysis
may give rise to singularities, so undermining the dependability of the results. For the
population variable, an annual growth rate of 0.1% was assumed, consistent with the trend
observed over the past five years [33]. GDP growth scenarios were considered exogenously,
reflecting projected economic trajectories within the EU context. One degree of freedom
results from this: once the yearly GDP growth rate is established, the appropriate carbon
intensity needed to reach net-zero emissions by 2050 is calculated. This formula provides a
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direct analytical connection between macroeconomic development and the technological
change needed to reach climate neutrality goals by measuring the decarbonization effort
required under various economic growth scenarios.

The contribution of each factor to CO, emissions can be quantified using the IDA
framework. Among the different IDA techniques, the LMDI-I method is commonly applied
to ensure that the sum of individual contributions equals the total observed change [10,36].
By separating structural and efficiency-related effects, this approach improves interpretabil-
ity and clarifies historical emission trends. Let a country’s CO, emissions in the base year 0
and in year i be CO2_0 and CO2_i, respectively, so that DeltaCO, = CO2_i — CO2_0. Using
the additive LMDI-I method, Equations (2)—(5), changes in emissions can be decomposed
into the contributions of population (DC_POP), GDP per capita (DC_GDP), and carbon
intensity of economy (DC_CO2E). When applied to scenario analysis, this framework iden-
tifies and quantifies the relative influence of demographic, economic, and technological
drivers on emission trajectories over time (base year 1990), providing a clear understanding
of the sources of variation between two points in time.

CO2_i — CO2_0 POP_i
DC_POP = (ln(CO2_i) - ln(COZ_0)> n(POP_O) @
GDP_i — GDP_0 GDP_i
be_Gbp= (ln(COZ_i) - Zn(CO2_O)> n(GDP_O) ©)
CO2E_i — CO2E_0 CO2E_i
DC_CO2E = = = )1 - 4
€-co (ln(COZ_i) - ln(COZ_O)> “(coms_o) @)
DeltaCO2 = CO2_i — CO2_0 = DCpop + DC_GDP + DC_CO2E 5)

Table 1 presents the required annual reductions in the economy’s carbon intensity
(CO; per unit of GDP) under different GDP growth and contraction scenarios up to 2050.
Achieving the EU’s net-zero emissions target demands substantial decarbonization efforts
across all economic conditions, with the magnitude of the required reductions strongly
influenced by GDP growth rates. Under higher GDP growth scenarios, the challenge is
particularly acute. For instance, with a 3% annual EU average GDP growth (average annual
GDP growth from 1990 to 2023 was 3.9%), carbon intensity must decline by approximately
11.8% per year, reducing CO; per unit of GDP from the current 0.092 kgCO; per dollar to
just 0.0046 kg CO, by 2050. Even a more moderate 2.0% growth still requires a reduction of
10.9% per year, while 1% GDP growth demands a 10.1% annual decrease. These reductions
are remarkable given the already low carbon intensity and highlight the need for substantial
improvements in energy efficiency, deployment of low-carbon technologies, and expansion
of CCS systems.

Table 1. Relative annual reduction in the economy’s required carbon intensity under varying EU
GDP growth scenarios up to 2050.

Annual GDP Growth +3.0% +2.0% +1.0% 0.0% —0.5% —1.0%
GDP 2050 ($/p) 92,012 70,704 54,190 41,442 36,180 31,917
CO,/GDP —11.8% —10.9% —10.1% —9.2% —8.7% —8.2%
CO,/GDP 2050

0.0046 0.0060 0.0076 0.0100 0.0116 0.0134
(kg CO»/$)

As GDP growth slows or turns negative, the required reductions become somewhat
more manageable, though still substantial. With zero GDP growth, carbon intensity must
drop by 9.2% per year, while a 0.5% contraction lowers the target to 8.7% per year, and a 1%
annual contraction further reduces it to 8.2%, corresponding to 0.0134 kg CO; per dollar
of GDP by 2050. The decreases are still difficult even in these situations, underlining that
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traditional efficiency improvements alone are insufficient and that CCS as well as other
technological solutions will be crucial.

Under more pronounced economic contraction, the pressure to achieve decarboniza-
tion is somewhat alleviated. For example, a 2% annual GDP decline reduces the required
annual reduction in carbon intensity to 6.3%. Although this represents a more feasible path,
the figure still underscores the significant technological and structural transformations
needed across energy systems, production processes, and consumption patterns to achieve
deep decarbonization. Together, these results highlight a crucial insight: limiting GDP
growth substantially reduces the mitigation effort required to achieve the EU’s climate
targets, offering a clearer—but still challenging—path toward long-term sustainability.
Clearly, these growth values refer to the average for the EU. An analysis by individual
countries would be more complex, since each one has different levels of economic and
technological development. However, the overall conclusion about limiting GDP growth
to reduce the mitigation efforts remains valid as a whole.

Table 2 presents the same emission targets as in the previous analysis, now comple-
mented by IDA using the additive approach. This analysis quantifies the contribution
of each factor—GDDP, population, and carbon intensity—to total CO, emissions in 2050
under different GDP growth assumptions. While the final emission levels in 2050 remain
approximately the same across scenarios, different combinations of GDP growth and carbon
intensity reductions imply distinct levels of technological effort and policy intervention
required to achieve these targets. The table shows results of the IDA and the three main
variables for several GDP growth assumptions. The first column includes the information
for the reference year 1990, the second column for 2023, and the rest of the columns for
year 2050 under three different GDP growth +3%, 0% and a controlled decrease of 1%
annually. Total CO, emissions fell from 3809.7 Mt CO, to 2512.1 Mt CO, between 1990 and
2023, showing an overall emission decrease (shown in Figure 2) despite both economic
and population growth. During the same period, population increased modestly from
420.5 million to 448.8 million (an increase of 6.7%), showing that the emission reductions
were not driven by demographic contraction. GDP per capita experienced substantial
growth, rising from $15,470 in 1990 to $41,422 in 2023 (a rise of 267.8%), reflecting sus-
tained economic development over the three decades. Similarly, the carbon intensity of the
economy—the amount of CO, emitted per unit of GDP—declined sharply from 0.5856 to
0.1351, highlighting a significant improvement in the efficiency of economic activity with
respect to carbon emissions.

Table 2. IDA about the relative annual reduction in the carbon intensity for different GDP increments.

o Year 2050 o

Year 1990 Year 2023 GDP +3% GDP 0% GDP —1%
CO; emissions (Mt CO,) 3809.7 2512.1 196.2 193.4 195.3
Population (Mhab) 420.52 448.80 461.08 461.08 461.08
GDP per capita $15470 $41,422 $92,012 $41,422 $31,578
Carbon intensity 0.58560 0.13512 0.0046 0.0101 0.0134
IDA additive
Population - +202.8 +111.7 +111.7 +112.0
GDP - +3069.0 +2162.7 +1195.1 +868.1
Carbon intensity - —4569.4 —5867.4 —4923.0 —4594.6

The comparison between 2023 and 1990, IDA reveals that the reduction in CO, emis-
sions within the European Union has been driven predominantly by a substantial decline in
carbon intensity, quantified at approximately 4569 Mt CO; in 2023. Conversely, population
growth added a relatively small 202 Mt CO, yearly whereas GDP growth aided in an
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increase of about 3069 Mt CO, per year. Table 2 and Figure 2 show how together these ele-
ments contribute for the entire net decrease of around 1300 Mt CO, over the time. Depicted
in Figure 3, derived via IDA, is the temporal evolution and relative impact of population,
GDP, and carbon intensity on total CO, emissions from 1990 to 2023, which further supports
these conclusions. Where “DC” refers to “Delta Change,” indicating the contribution to
CO; emissions changes arising from population (DC_POP), economic output (DC_GDP),
and technical or intensity-related factors (DC_CO2E) calculated as in Equations (2)—(5). The
figure clearly shows that the sustained decrease in carbon intensity (orange line) has been
the dominant force behind emission reductions, reflecting advancements in energy effi-
ciency, the growing integration of renewable energy sources, and structural shifts toward
less carbon-intensive sectors of the economy. On the other hand, the GDP contribution
(light blue line) has remained consistently positive, evidencing the upward pressure of
economic expansion on emissions, while the population effect (purple line) has remained
comparatively minor and stable. The combined influence of these factors (dark blue line,
DeltaCO;) reveals a steady downward trend in aggregate emissions, particularly after 2008,
when decarbonization efforts intensified. The analysis shows overall that the EU’s success
in lowering emissions has mostly depended on ongoing decreases in carbon intensity,
which have adequately balanced the emission increases linked to economic and population
growth—therefore emphasizing the essential part of technical innovation and structural
change in reaching long-run climate objectives.

Quantification of the influence of Population (POP), GDP (GDP) and carbon

intensity (CO2E) in CO, emissions (CO;) relative to 1990
4000.00
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Figure 3. Quantification of the influence of Population (DC_POP), GDP (DC_GDP) and carbon
intensity (DC_CO2E) in CO, emissions (DeltaCO,) relative to 1990.

Higher GDP growth rates (+3% annually) are linked with a markedly bigger techno-
logical difficulty when one compares projections for 2050 with those for 2023 or for the
reference year 1990. Under these conditions, CO, reductions resulting from changes in
carbon intensity must amount to 5867 Mt CO, by 2050. Achieving such reductions will
require a considerable technological effort—not only to meet the ambitious emission targets
set by the European Union but also to counterbalance the additional emissions generated
by continued GDP expansion. In high-growth scenarios (+3%), this result emphasizes
how crucial it is to promote low-carbon technology, renewable energy adoption, and CCS
technologies. With declining assumptions of GDP growth, the size of the necessary techni-
cal effort also drops, therefore rendering the climate goals more reachable via reductions
in carbon intensity and, possibly, progressive CCS system integration. Comparing the
zero-growth scenario (—4920 Mt CO,) with the scenario assuming 3% yearly GDP increase
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(-5867 Mt CO,), the analysis emphasizes the requirement for an extra 900 Mt CO; reduction.
It also shows how sustained GDP expansion increases the decarbonization difficulty by
directly influencing total emission levels.

At the opposite end of the spectrum, the extreme scenario of a 1% annual GDP
decline presents very little additional technical difficulty. Carbon intensity in this sce-
nario is —4594.6 Mt CO,, a figure comparable to the present contribution estimated for
2023 (—4569 Mt CO,). As the effect of GDP on emissions under this situation is minor,
reaching the climate goals calls for no large technological development. In contrast, the
zero-growth scenario still necessitates a modest technological effort to further reduce car-
bon intensity, quantified at roughly 350 Mt CO, (the difference between —4920 Mt CO, and
—4569 Mt COy). This level of effort appears technically feasible given current technological
trajectories. Under such conditions, the absence of GDP-driven emission increases makes
the achievement of climate neutrality significantly more attainable through manageable
reductions in carbon intensity, without requiring disruptive technological transformations.
These scenarios offer a more steady framework for matching economic activity with long-
term sustainability objectives as well as help to relieve the strain on technical innovation
and deployment rates.

Figure 4 graphically illustrates the results of the IDA for both historical and projected
CO; emissions under a zero economic growth scenario, assuming an annual reduction in
carbon intensity of 9.2% to meet the 2050 climate targets. The figure displays the temporal
evolution of CO, emissions, with the green line representing the contribution of GDP
to total emissions. Assumption of zero economic growth causes this contribution to fall
dramatically from 2023 onwards, therefore minimizing its influence against 2023 levels. The
purple line depicts the contribution of carbon intensity, which decreases progressively over
time and stabilizes near zero, reflecting the already low current intensity levels. The red
line corresponds to the contribution of population growth, while the blue line represents
the aggregated contribution of all three drivers. This visualization clearly highlights the
relative influence of each factor in shaping future emission trajectories under a no-growth
scenario, emphasizing that the stabilization of GDP and population levels substantially
limits upward emission pressures, while continuous improvements in carbon intensity
remain the key determinant for reaching carbon neutrality by 2050.
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Figure 4. IDA for future carbon emissions (MtCO,) in EU-27 achieving the 2050 targets with 3.0 and
0.0% increase in GDP and 11.8 and 9.2% reduction of carbon intensity.

3.2. The Role of CCS in Future Scenarios

In all GDP growth scenarios, it becomes imperative to reduce CO, intensity of econ-
omy and advance the development and deployment of low-carbon technologies, expand
renewable energy systems, and accelerate the implementation of CCS solutions. How-
ever, achieving these goals is not without challenges, as significant costs, technological
barriers, and issues of social acceptance are associated with the large-scale deployment
of CCS. This requirement could be particularly pronounced in “hard-to-abate” industrial
sectors, such as steel, cement, and chemicals, which depend on high-temperature processes
and carbon-based feedstock that cannot be fully replaced by electrification or renewable
energy. Although CCS technologies increase overall energy demand and are not an ideal
or stand-alone solution, they represent a critical and pragmatic approach to achieving the
EU’s climate objectives by compensating for the residual emissions that remain technically
unavoidable in these sectors.

Considering the emission reduction requirements resulting from the IDA, the relevance
of CCS and other such mitigation measures even clearly highlighted. Table 3 presents the
projected technological CO, reduction requirements under several GDP growth scenarios,
together with the proportion of these reductions predicted to be achieved through CCS by
2050. The findings show a strong positive correlation between economic expansion and the
amount of technical work needed to reach decarbonization goals.

Table 3. Technological (Carbon intensity of the economy) CO; reduction necessities in different GDP
growth scenarios and projections of the percentage covered by CCS in 2050.

Annual GDP Growth +3.0% +2.0% +1.0% 0.0% —0.5% —1.0%
Technological CO, reduction necessities (Mt) —5867.4 —5575.2 —5249.0 —4923.0 —4758.6 —4591.6
Difference relative to 2023 values (MtCO,)

(Carbon intensity in 2023: —4569.4 MtCO;) 1298.0 10058 6796 3536 1892 22
Estimation of the percentage covered by CCSin 2050  13% 17% 25% 48% 90% 100%

Under the high-growth scenario (+3.0% GDP), the required technological reduction
reaches 5867.4 MtCO,, which represents an increase of approximately 1300 MtCO; relative
to 2023 values. According to Ref. [38], which harmonized and analyzed sectoral projections
from seventeen studies on CO; capture deployment within EU industrial sectors, specifi-
cally focusing on the cement, iron and steel, and chemical industries for 2030 and 2050, up to
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171 MtCO, could be abated through carbon capture technologies across these sectors. The
estimated potential reductions amount to 64 MtCO; for the cement industry, 58 MtCO, for
the iron and steel sector, and 49 MtCO; for the chemical industry. Altogether, this represents
approximately 13% of the additional reduction required under the high-growth scenario,
indicating that while CCS would make a significant contribution, it would still cover only a
limited share of the overall mitigation need. Even under optimistic assumptions regarding
technological deployment across industrial sectors, the cumulative CO, captured would
amount to approximately 275 MtCO; [38], around 90 MtCO, from cement, 100 MtCO,
from iron and steel, and 85 MtCO; from chemicals, representing, in this optimistic scenario,
no more than 20% of the overall reduction requirement. This result emphasizes the dis-
proportional technical and financial difficulties related with maintaining strong economic
expansion in pursuit of deep decarbonization, so strengthening the need of controlling GDP
growth as a supplemental tactic to lighten the general mitigation load. Policy instruments,
such as carbon pricing, industrial efficiency measures, Innovation Funds, and targeted
Green Deal mechanisms are essential for sustaining and further reducing carbon intensity.
These measures are indeed necessary and indispensable. However, even under optimistic
assumptions regarding their effectiveness, the results suggest that continued GDP growth
cannot be fully compensated by further reductions in carbon intensity alone.

Under the +1% GDP growth scenario, the relative contribution of CCS rises to
roughly 25% with more moderate GDP growth rates and reaches roughly 50% under
the zero-growth scenario. This development implies that CCS could be absolutely crucial
and increasingly decisive role in achieving emission reductions under conditions of slower
economic expansion, where the overall decarbonization burden becomes more manageable
and the deployment of capture technologies more proportionate to mitigation requirements.

On the other hand, slower or negative growth scenarios significantly reduce the total
CO, reduction requirement, declining to 4591.6 MtCO, in the —1.0% GDP case—almost
converging with the carbon intensity levels observed in 2023. Under such conditions, the
share of reductions projected to be covered by CCS rises sharply, reaching nearly 90% in
cases of slight negative GDP growth, while becoming unnecessary to reach the complete
sectoral projections in the —1.0% GDP scenario due to the overall reduction in emissions
intensity. Changes in GDP assumptions may also influence population dynamics; however,
our calculations indicate that the impact of population variations is negligible compared
with the effects of GDP growth and carbon intensity (see Figure 3 for historical trends).

These results should be understood as a macro-level assessment rather than a uniform
pathway for all EU member states. Although significant differences exist in GDP levels,
carbon intensity, and CO, emissions per capita across countries, the fundamental relation-
ship between economic growth and the scale of required technological mitigation remains
robust. The following discussion therefore examines these regional variations, showing that
while national circumstances differ, the remaining potential for further intensity reductions
is limited across the EU.

4. Discussion

The notion of limiting or moderating GDP growth as a means to achieve climate
objectives is inherently controversial and, evidently, demands careful consideration. It
is important to stress that GDP and societal well-being are not synonymous [39,40], and
that economic contraction does not always mean a reduction in quality of life. Any effort
to constrain or slow economic expansion for the sake of climate mitigation must there-
fore be pursued in a fair, balanced, and context-sensitive manner, taking into account
both the current economic structures and the historical progress already achieved by
each country in reducing emissions. Among Member States within the European Union,
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there are significant differences in economic capability, energy intensity, and technological
development. These differences would be even more pronounced if the analysis were
extended to countries worldwide. Consequently, a uniform approach to GDP limitation
or emission reduction would be neither equitable nor effective. Instead, differentiated
strategies—reflecting national circumstances, levels of industrialization, and past decar-
bonization achievements—are required to ensure that all countries can contribute mean-
ingfully to the collective objective of climate neutrality, while maintaining social cohesion
and economic resilience across the region.

As previously noted, the trend in carbon intensity—measured as CO; emissions per
unit of GDP—has followed a consistent pattern across all EU countries, Figure 1. However,
analyzing the reduction in this factor in EU over time reveals three distinct groups of
countries in EU-27. The first group includes those with very high carbon intensity in 1990,
which have progressively reduced their emissions to levels close to the EU average by
2023; Poland or the Baltic states exemplify this well. The second group—Germany among
others—comprises big economies first having relatively high but not extremely high carbon
intensity. By 2023, these nations have also worked hard to reduce their emissions, achieving
levels close to or even under the EU average. Finally, the third group comprises countries
(Italy or Spain) that already had low carbon intensity in 1990 and have continued to reduce
it steadily, reaching levels well below half of the current EU average. Notwithstanding
these differences, all EU member states have continuously decreased their carbon intensity
over time.

In countries with low carbon intensity, reducing economic growth is the only means
by which further CO, emissions can be achieved; however, if GDP is already low, such
reductions are largely unfeasible and must therefore come from countries with higher GDP.
In contrast, countries with higher carbon intensity still have room to decrease emissions
through efficiency improvements, the expansion of renewable energy, and other mitigation
strategies such as CCS. GDP itself also plays a crucial role in emission patterns. Some high-
GDP countries continue to exhibit high emissions, while many nations with elevated carbon
intensity tend to have lower GDP levels. The following figures provide a comparative
analysis of carbon intensity relative to per capita GDP, as well as CO, emissions per capita
against per capita GDP. These comparisons reveal four distinct quadrants (Figure 5a):

e Low GDP, High Carbon Intensity: EST, BGR, POL, CZE, SVK, GRC, SVN, HUN, HRYV,
CYP. These countries would require substantial improvements in carbon efficiency of
economy, reducing fossil fuel reliance while allowing for moderate GDP growth.

e High GDP, High Carbon Intensity: DEU, BEL. Representing two countries near the
global average, these countries would need to slow economic expansion while simul-
taneously improving efficiency to achieve emission reductions.

e Low GDP, Low Carbon Intensity: LTU, ITA, ESP, PRT, ROU, LVA. These countries
should be allowed moderate economic growth while maintaining a trajectory of further
carbon intensity reduction.

e High GDP, Low Carbon Intensity: FRA, SWE, MLT, DNK, IRL, LUX, NLD, AUT, FIN.
For these economies, further CO; reductions will likely require limiting GDP growth,
as carbon intensity improvements alone may no longer be sufficient.

Figure 5b, which shows per capita CO, emissions as a function of GDP per capita,
reinforces earlier conclusions and shows comparable patterns. This depiction helps to define
clusters of countries with varying degrees of wealth and emissions. Countries with high GDP
and high CO, per capita (mainly LUX and IRL, but also DEU, BEL, NLD, AUT) face the
challenge of reducing emissions controlling their GDP economic growth. Those with low GDP
and high CO, emissions per capita (EST, CZE, POL, SVK, BGR, SVN) retain significant room
for sustainable development improving carbon efficiency of economy, while countries with
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moderate CO; emissions per capita keep on maintaining a balance between economic growth
and sustainability. Generally speaking, these quadrant-based analyses help to compare
national performance, therefore emphasizing climate policy priorities customized to the

position of each country inside the economic-emissions spectrum.
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Figure 5. (a) Carbon intensity of the economy (CO,/GDP per capita) and (b) CO, emissions per
capita (tCO,) in EU-27 depending on the GDP per capita.
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5. Conclusions

Despite the EU’s progress in reducing greenhouse gas emissions, the ambitious net-
zero target set for 2050 under the European Green Deal poses substantial challenges.
Focusing on three major drivers—population, economic output, and carbon intensity—this
research uses Index Decomposition Analysis to evaluate the decreases in carbon intensity
needed to satisfy this target. The study shows clearly and directly how economic expansion
affects the difficulty of reaching emission goals.

Under a scenario of 3% annual GDP growth, carbon intensity of the economy
(CO,/GDP) must decline by 11.8% annually—an exceptionally demanding figure con-
sidering the EU’s already low current intensity of 0.092 kg CO,/USD. Even with zero GDP
growth, the required reduction remains high at 9.2% per year. These findings imply that
without the application of sophisticated mitigation techniques like CCS, the rate of techni-
cal development would be inadequate in most possible growth scenarios. However, in a
hypothetical scenario of 2% annual economic contraction, the necessary annual reduction
drops to 7.3%, indicating that negative or low-growth trajectories could substantially ease
the path to carbon neutrality.

Achieving deep decarbonization in EU industrial sectors would require both systemic
transformations and strategic deployment of CCS. The decomposition study more precisely
estimates how much technological work is needed to balance the emissions impact of
economic growth. Under a high-growth scenario (+3% GDP), carbon intensity would need
to deliver up to 5867 MtCO, in reductions by 2050, with CCS contributing only 10-15%
of this total. In a zero-growth scenario, the required reductions decline to 4923 MtCO,,
while in the —1% GDP case, the figure reaches 4594 MtCO;, nearly matching the 2023
level of 4569 MtCO,—implying that further technological breakthroughs might be largely
unnecessary under such conditions. Together with continued investment in CCS, carbon
management, and large-scale electrification, these results highlight the need of balancing
economic expansion with environmental sustainability in a realistic and cost-effective
manner to reach 2050 carbon neutrality.

These results suggest that more moderate or limited economic growth paths might
enable more attainable climate objectives, better matching technological capabilities and
environmental restrictions. Higher growth trajectories, on the other hand, would require
rapid and disproportionate technical and financial efforts and innovations, making the
achievement of environmental goals extremely difficult.
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Abbreviations
The following abbreviations are used in this manuscript:

CCS Carbon Capture and Storage

CINT  Carbon intensity of the economy (CO,/GDP)
ENE Energy Intensity (Energy/GDP)

EU European Union

GDP  Gross Domestic Product

IDA Index Decomposition Analysis

LMDI  Logarithmic Mean Divisia Index method
POP  Population
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