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Abstract: The transition to a net-zero emissions future represents one of the most significant challenges and
imperatives facing the global energy sector. This article critically examines long-term trends and projections in total
energy supply, final energy consumption, and electricity generation, while analyzing the associated implications
for carbon dioxide (CO,) emissions under the Stated Policies Scenario (STEPS) and the Announced Pledges Scenario
(APS). It explores the structural transformations occurring across regions and sectors, highlighting the divergence
between advanced and developing economies in their decarbonization trajectories. The study emphasizes the
accelerating electrification of end-use sectors, the evolving global fuel mix, and the role of renewables, bioenergy,
nuclear, and fossil fuels in shaping energy futures. Significant disparities in energy access and technology readiness
remain, particularly in emerging economies, posing challenges to equitable decarbonization. The article addresses
Attaining net-zero emissions in the global energy sector requires a cohesive policy strategy that expedites clean
energy implementation, improves overall efficiency, and guarantees fair involvement in the energy transition. The
findings underscore that while the APS offers a more favorable outlook in emissions reduction and renewable
energy penetration, substantial policy and technological efforts are still required to close the gap toward achieving
the Paris Agreement goals.

Keywords: Net-Zero Emissions, Global Energy Transition, Decarbonization Pathways, Renewable Energy,
Climate Policy Scenarios.

1. Introduction

Under the Stated Policies Scenario (STEPS), global CO, emissions exhibit only marginal
improvements relative to recent historical trends. Although the transition to renewable energy sources
prompts an early peak in emissions from the electricity sector, emission reductions across all sectors
remain significantly inadequate to achieve the trajectory necessary for net-zero emissions by 2050 [1-3].
Following the temporary decline induced by the Covid-19 pandemic in 2020, annual CO, emissions
rapidly rebound, rising from 34 gigatonnes (Gt) in 2020 to approximately 36 Gt by 2030, and thereafter
stabilizing at this level through 2050, as illustrated in Figure 1. Should this emissions trajectory persist
beyond 2050, and assuming analogous developments across other greenhouse gas (GHG) sources, the
global mean surface temperature is projected to increase by approximately 2.7 °C by the year 2100, with
a probability of 50% [3-6]. A marked divergence characterizes the projected emissions trajectories of
advanced economies and those of emerging market and developing economies (EMDEs).
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Figure 1. CO2 emissions from energy-related activities and industrial processes by area and sector in the STEPS [7].

In advanced economies, notwithstanding a modest resurgence in CO, emissions in the early 2020s, a
sustained downward trend is anticipated, culminating in an approximate 33% reduction by 2050
relative to 2020 levels [8-11]. This decline is principally driven by the implementation of stringent
climate policies, advancements in energy efficiency, and a systemic transition toward low-carbon and
renewable energy sources [12-15].

In contrast, EMDEs are expected to witness a continued escalation in energy demand, fueled by rapid
population growth, robust economic development, accelerated urbanization, and extensive
infrastructure expansion [16-19]. These structural drivers effectively outweigh gains achieved through
efficiency improvements and the adoption of clean energy technologies. Consequently, CO, emissions
in these regions are projected to increase by nearly 20% by the mid-2040s, followed by only a marginal
decline approaching 2050 [20-24]. This divergence underscores the complex interplay between
development imperatives and climate goals, highlighting the critical need for enhanced international
collaboration, equitable resource distribution, and targeted support to enable sustainable transitions in
developing regions.

Several studies have explored the pathways and strategies associated with achieving net-zero
emissions in the evolving global energy sector. A recent study conducted by Khaleel [25] analyzed the
annual variations in energy-related CO, emissions over the period 2015-2023. The findings reveal
notable fluctuations, particularly in response to global economic and structural shifts. In 2023, emissions
from energy combustion and industrial processes totaled approximately 0.41 gigatonnes (Gt), reflecting
a decline from 0.49 Gt in 2022. In contrast, the year 2021 recorded a substantial increase, with emissions
reaching 1.92 Gt. The most pronounced reduction occurred in 2020, coinciding with the global economic
slowdown induced by the COVID-19 pandemic, during which emissions fell sharply by -1.92 Gt. These
trends underscore the sensitivity of energy-related emissions to macroeconomic conditions and
highlight the importance of sustained structural policy measures to achieve long-term decarbonization.

Obobisa [26] underscores the critical importance of achieving net-zero carbon emissions, particularly
in the context of global commitments under the Paris Climate Agreement. In pursuit of this objective,
the study employs Augmented Mean Group (AMG) and Common Correlated Effects Mean Group
(CCEMQ) estimators to empirically examine the roles of renewable energy deployment and financial
development in reducing CO, emissions. The analysis is based on annual data spanning the period from
1990 to 2018, encompassing 73 countries, which are categorized into four major global regions: Africa,
Asia-Pacific, the Americas, and Europe. The study offers region-specific insights into how financial and
energy-sector dynamics contribute to progress toward the 1.5 °C climate target and the broader net-zero
emissions goal.

The analysis presented in [27] underscores that, although renewable energy sources offer a promising
pathway to strengthening energy security, the ongoing global energy crisis has exposed the
insufficiency of current investment levels in renewables to meet rising energy demands. This shortfall
has compelled several countries to revisit and expand the use of hydrocarbon-based energy sources,
including coal, thereby stalling progress in the global energy transition. The study concludes by offering
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targeted policy recommendations aimed at catalyzing clean energy investments, even within the
constraints of a volatile and geopolitically strained environment.

This article makes a significant contribution to the literature on global energy transition by providing
a comprehensive assessment of the pathways toward achieving net-zero emissions within the
framework of the Stated Policies Scenario (STEPS) and the Announced Pledges Scenario (APS). The
article offers a critical evaluation of long-term trends in total energy supply, final energy consumption,
and electricity generation, while drawing attention to the sectoral and regional disparities that shape
decarbonization trajectories. By investigating the evolving global fuel mix and the increasing role of
renewables, bioenergy, nuclear, and fossil fuels, the study advances understanding of the structural
shifts required for a low-carbon future. Importantly, the article highlights the persistent challenges in
energy access and technological readiness in emerging economies, underscoring the need for equitable
solutions. The article also delivers actionable insights into the policy and technological frameworks
necessary to bridge the gap between current national pledges and the ambitious targets of the Paris
Agreement. Through its analytical depth and policy relevance, the study provides a valuable foundation
for guiding future research and informing international energy and climate policy dialogues.

2.Total Energy Supply, Final Consumption, and Electricity Generation

The trajectory of global CO, emissions under the Stated Policies Scenario (STEPS) is intrinsically
linked to evolving patterns in energy demand and the composition of the energy mix [28-30]. Between
2020 and 2050, total energy supply (TES) is projected to increase by just over 30%, as presented in Figure
2. This moderate growth is contingent upon an anticipated average annual decline of 2.2% in energy
intensity, defined as energy consumption per unit of gross domestic product (GDP). In the absence of
such efficiency gains, TES in 2050 would be approximately 85% higher than in 2020 [31-33].

o 200 60 %
Q
Q
oo

150 e 45

R-
100 - CO, mten?l.it.i{:f.-rﬁs‘ 30
50 EES 15
Traditional use of biomass
2000 2010 2020 2030 2040 2050

Figure 2. Overall energy supply and emissions of carbon dioxide intensity in the STEPS scenario [7].

In advanced economies, overall energy consumption is expected to decrease by approximately 5%
by 2050, despite a projected 75% expansion in economic output, reflecting substantial decoupling of
economic growth from energy use through technological advancement and policy interventions [34-36].
In contrast, energy demand in emerging market and developing economies (EMDEs) is projected to rise
by 50% over the same period, consistent with a tripling of economic activity. Despite these economic
and energy-use gains, profound disparities in energy access persist: by 2050, an estimated 750 million
people, predominantly in sub-Saharan Africa, will remain without access to electricity, while 1.5 billion
individuals are projected to continue relying on traditional biomass for cooking [37-39].

Significant structural shifts in the global fuel mix are anticipated over the projection horizon. Coal
consumption, having peaked in 2014, is expected to decline by approximately 15% by 2050 [40-46]. Oil
demand, which contracted sharply during the Covid-19 pandemic, is projected to rebound to pre-
pandemic levels of 98 million barrels per day (mb/d) by 2023 and stabilize at approximately 104 mb/d
shortly after 2030 [46-50]. In parallel, natural gas consumption is forecast to rise from 3,900 billion cubic
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metres (bcm) in 2020 to 4,600 bcm by 2030, and further to 5,700 bem by 2050, driven by its role as a
transition fuel in many regions [51-56]. Nuclear energy is also poised for moderate expansion, with a
15% increase projected between 2020 and 2030, largely reflecting capacity additions in China [57-63].
These developments underscore the complex interplay between energy security, economic
development, and climate objectives that will shape the global energy system over the coming decades.

Total final energy consumption is projected to rise across all sectors under the Stated Policies Scenario
(STEPS), with the most significant increases attributed to electricity and natural gas as demonstrated in
Figure 3. This growth is entirely concentrated in emerging market and developing economies (EMDEs),
reflecting their ongoing industrialization, urbanization, and rising living standards.
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Figure 3. Aggregate final consumption categorized by sector and fuel in the STEPS.

The electricity sector experiences the most profound transformation in energy use as shown Figure
4. Globally, electricity demand is anticipated to surge by approximately 80% between 2020 and 2050,
nearly twice the growth rate of total final energy consumption. This pronounced expansion is
overwhelmingly driven by EMDEs, which account for over 85% of the projected increase in global
electricity demand [64-69].
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Figure 3. Electricity generation by fuel type and the proportion of coal in the STEPS.

Despite the rapid deployment of renewable energy technologies, coal is expected to retain a
significant share in electricity generation within these economies through 2050, reflecting both
structural energy dependencies and economic considerations. In contrast, advanced economies are
projected to undergo a substantial decline in coal-based electricity generation, facilitated by stringent
environmental regulations, market reforms, and a strong policy push towards decarbonization and the
integration of low-carbon technologies. This divergence further underscores the heterogeneous nature
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of the global energy transition and the differentiated pathways required to achieve sustainable
electrification.

3.CO; Emissions

Under the Announced Pledges Scenario (APS), global CO, emissions experience a modest rebound
through 2023; however, this increase is significantly less pronounced than the post-recession surge
observed following the 2008-2009 global financial crisis. Notably, emissions never return to their
previous peak of 36 gigatonnes (Gt). Instead, they follow a declining trajectory, falling by approximately
10% to reach 30 Gt by 2030, and further decreasing to 22 Gt by 2050 [70-73]. This latter figure represents
a 35% reduction relative to 2020 levels and is 14 Gt lower than the projected emissions under the Stated
Policies Scenario (STEPS), as illustrated in Figure 5.
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Figure 5. The global CO2 emissions from energy-related and industrial processes by scenario and regional
reductions, 2010-2050.

If this downward trend were to persist beyond 2050, and if analogous reductions were achieved in
non-energy-related greenhouse gas (GHG) emissions, the rise in global average surface temperature by
2100 would be limited to approximately 2.1 °C, with a 50% likelihood. This outcome underscores the
potential climate benefits of full implementation of announced policy pledges, though it also highlights
the continued shortfall relative to the Paris Agreement target of limiting warming to well below 2 °C,
and ideally to 1.5 °C [73-76].

The most substantial reduction in CO, emissions under the Announced Pledges Scenario (APS)
occurs within the electricity sector, where global emissions are projected to decline by nearly 60%
between 2020 and 2050. This pronounced decarbonization is achieved despite an almost twofold
increase in electricity demand over the same period, driven by the accelerating electrification of end-
use sectors, most notably transport and buildings. The scale of this reduction reflects the rapid
deployment of low-carbon generation technologies, coupled with structural shifts in energy
consumption patterns. By contrast, under the Stated Policies Scenario (STEPS), emissions from the
electricity sector are projected to decline by less than 15% over the same timeframe, underscoring the
critical importance of ambitious policy commitments and their implementation in achieving deep
emissions reductions.

In the Announced Pledges Scenario (APS), the transport and industrial sectors exhibit more modest
reductions in CO, emissions by 2050, relative to the electricity and buildings sectors. While significant
mitigation efforts are undertaken in regions that have committed to net-zero targets, these gains are
partially offset by rising energy demand in regions lacking comparable pledges. This geographic
asymmetry in policy ambition tempers the overall decarbonization trajectory for these sectors.
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The buildings sector, by contrast, achieves a more substantial reduction in emissions, with a projected
decline of approximately 40% between 2020 and 2050. This compares to a mere 5% reduction under the
Stated Policies Scenario (STEPS). The decline is primarily attributed to the phase-out of fossil fuels,
particularly those used for space and water heating, in countries with ambitious climate commitments,
which collectively account for a disproportionately large share of global heating demand.

Despite progress in pledged regions, residual emissions persist in 2050, particularly within the
transport and industrial sectors. These residuals largely stem from the limited commercial availability
of zero-emission technologies for hard-to-abate applications, including heavy-duty road freight,
aviation, maritime shipping, and energy-intensive industrial processes. This highlights the ongoing
technological and infrastructural challenges associated with achieving full decarbonization across all
sectors of the economy.

4.Evolution of the Global Energy

Under the Announced Pledges Scenario (APS), global total energy supply (TES) is projected to
increase by just over 15% between 2020 and 2050, a significantly more restrained growth compared to
the approximately 33% increase anticipated under the Stated Policies Scenario (STEPS), as illustrated in
Figure 6. This moderated expansion in TES under the APS is largely attributable to accelerated
improvements in energy efficiency, with global energy intensity, defined as energy use per unit of GDP,
declining at an average annual rate of approximately 2.6%, in contrast to 2.2% in the STEPS [77-78].
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Figure 6. Comprehensive energy supply categorized by source in STEPS and APC.

Despite these efficiency gains, a substantial rise in energy demand is observed in emerging market
and developing economies (EMDEs), where economic and demographic growth is most pronounced.
These regions, which tend to lack comprehensive net-zero commitments, exhibit robust energy
consumption trends that outweigh reductions achieved in countries with formalized net-zero pledges.
These dynamic underscores the critical role of equitable global engagement and capacity-building in
ensuring that the pursuit of economic development in EMDEs is aligned with global climate objectives
[78-80].

In the Announced Pledges Scenario (APS), the global increase in total energy supply is
predominantly driven by the expansion of renewable energy sources, whose share in the primary
energy mix rises substantially, from 12% in 2020 to 35% by 2050. This is markedly higher than the 25%
share projected under the Stated Policies Scenario (STEPS) [79-82]. The electricity sector, in particular,
is the principal arena for renewable growth, with solar photovoltaics (PV) and wind energy jointly
accounting for approximately 50% of the total increase in renewable energy supply. Bioenergy also
emerges as a major contributor, responsible for around 30% of the growth [83-88].

The role of bioenergy expands significantly across sectors: its consumption in industry doubles, it
triples in electricity generation, and increases fourfold in the transport sector. Notably, when integrated

Page | 148



Abualoyoun & Amar, 2025 IJEES

with carbon capture, utilization, and storage (CCUS) technologies, bioenergy contributes not only to
emissions reductions in heat supply but also to negative emissions by actively removing CO, from the
atmosphere. In this direction, nuclear energy maintains a stable share in the global energy mix, with its
output projected to increase by 25% by 2030, compared to a 15% rise under the STEPS. This growth is
supported by the extension of operational lifetimes of existing nuclear facilities and the commissioning
of new reactors, particularly in countries with long-term decarbonization commitments.

Coal consumption, by contrast, experiences a far more pronounced decline in the APS compared to
the STEPS. Global coal use decreases from 5,250 million tonnes of coal equivalent (Mtce) in 2020 to 4,000
Mtce in 2030 and 2,600 Mtce by 2050. This is substantially lower than the 4,300 Mtce projected under the
STEPS for the same year. The decline is largely driven by the phase-down of coal-fired power generation
in countries with net-zero pledges, where plants are either repurposed, retrofitted with carbon
abatement technologies, or retired altogether. In advanced economies, the complete phase-out of
unabated coal-fired power is expected within the next 10 to 15 years. China, in particular, is projected
to reduce coal use for power generation by 85% between 2020 and 2050 as part of its trajectory toward
carbon neutrality by 2060. These reductions more than compensate for ongoing coal demand growth in
countries without net-zero targets. Additionally, global industrial coal use declines by 25% over the
same period, significantly outperforming the modest 5% reduction anticipated in the STEPS [89-91].

Oil demand, after a brief post-pandemic recovery in the early 2020s, is not expected to return to its
historical peak of 2019. It declines steadily, reaching 90 million barrels per day (mb/d) in the early 2030s
and 80 mb/d by 2050, approximately 25 mb/d lower than the level projected in the STEPS. This trend is
driven by aggressive electrification of the transport sector and increased adoption of alternative fuels
such as biofuels and hydrogen, particularly in economies with strong climate pledges [92-94].

Natural gas consumption rises modestly from approximately 3,900 billion cubic metres (bcm) in 2020
to around 4,350 bcm by 2025. However, demand then plateaus and remains broadly stable through 2050.
This contrasts sharply with the STEPS, in which natural gas use continues to grow, reaching
approximately 5,700 bcm by mid-century [95-98]. The levelling of gas demand in the APS reflects a more
aggressive transition toward low-carbon alternatives, especially in power generation and heating
applications, and the implementation of net-zero-aligned policy frameworks.

5.Policy Recommendations

Achieving net-zero emissions in the global energy sector necessitates an integrated policy approach
that accelerates clean energy deployment, enhances system-wide efficiency, and ensures equitable
participation in the energy transition. A central priority is the rapid scaling of renewable energy
technologies, especially solar photovoltaics, wind power, and sustainable bioenergy. Governments
must provide stable investment environments through mechanisms such as feed-in tariffs, tax credits,
and public-private partnerships. At the same time, increased support for research, development, and
deployment (RD&D) of emerging solutions, including green hydrogen, advanced nuclear technologies,
and long-duration energy storage, is essential to diversify the low-carbon technology portfolio and
support deep decarbonization.

Electrification of end-use sectors must be expedited, particularly in transport, buildings, and
industry, where fossil fuel dependency remains high. Policy measures should facilitate the adoption of
electric vehicles, heat pumps, and electric industrial processes, supported by coordinated investments
in charging infrastructure, smart grids, and demand-side flexibility. These efforts must be integrated
with broader energy system planning to ensure grid reliability and resilience as electricity demand
grows.

Fossil fuel phase-down is a critical component of the net-zero agenda. Policymakers should establish
clear phase-out timelines for unabated coal-fired power plants, particularly in advanced economies,
while supporting just transition programs that protect workers and communities affected by plant
closures. Oil and gas consumption must also be reduced through a combination of fuel switching,
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efficiency standards, and regulatory measures, with careful consideration of energy security and
affordability.

Global cooperation is vital to address disparities in decarbonization capabilities. International
financial institutions and donor governments should substantially increase climate finance to emerging
market and developing economies (EMDESs), enabling them to invest in low-carbon infrastructure and
build institutional capacity. In parallel, the transfer of clean technologies should be facilitated through
cooperative agreements, knowledge-sharing platforms, and mechanisms that lower intellectual
property barriers.

Carbon management technologies will also play an indispensable role in mitigating residual
emissions from hard-to-abate sectors. Governments should prioritize the deployment of carbon capture,
utilization, and storage (CCUS) in industrial hubs and promote the development of carbon dioxide
removal (CDR) options such as bioenergy with carbon capture and storage (BECCS) and direct air
capture. These solutions require dedicated funding, regulatory frameworks, and long-term
infrastructure planning.

To ensure long-term progress, national energy and climate policies must be embedded within legally
binding net-zero frameworks. This includes enhancing governance structures, integrating climate
objectives into national development strategies, and strengthening emissions monitoring, reporting,
and verification (MRV) systems to promote transparency and accountability.

Finally, equity and access must remain core principles of the energy transition. Universal access to
modern, reliable, and affordable energy services, particularly in sub-Saharan Africa and other
underserved regions, must be prioritized through targeted electrification initiatives and distributed
energy systems. At the same time, transition policies should be designed to ensure that vulnerable
populations do not bear a disproportionate share of the costs, thereby safeguarding social inclusion and
economic justice throughout the global shift toward a net-zero energy future.

6.Conclusion

This analysis demonstrates that the pathway toward a net-zero global energy system is both
achievable and increasingly urgent. Under the APS, meaningful progress is observed in reducing CO,
emissions, particularly within the electricity sector, through enhanced energy efficiency, accelerated
deployment of renewables, and the gradual phasing out of coal in countries with net-zero pledges.
However, significant disparities persist between advanced and emerging economies in terms of energy
demand growth, access to clean technologies, and policy implementation. Although the APS scenario
delivers a more optimistic trajectory than the STEPS, it still falls short of limiting global warming to
1.5°C. Achieving net-zero will require deeper integration of clean energy technologies, expanded
electrification of transport and industry, and widespread adoption of carbon capture and removal
strategies. Furthermore, robust international cooperation, climate finance mechanisms, and capacity-
building initiatives are essential to ensure an inclusive, secure, and equitable energy transition for all
regions. The article emphasizes that achieving net-zero emissions in the global energy sector
necessitates an integrated policy framework that accelerates the deployment of clean energy
technologies, enhances systemic energy efficiency, and ensures inclusive participation in the energy
transition.
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