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Abstract

To limit global warming to 1.5°C or 2°C, achieving a net-zero or near-zero
greenhouse gas emission energy system by midcentury is essential.

This ambitious target requires the decarbonization of hard-to-abate

sectors, particularly transportation and heavy industry. This study employs
an integrated energy-economic-climate assessment model to explore
decarbonization pathways aligned with these temperature goals. The
results show that by 2050, residual emissions from key industrial sectors —
such as chemicals, fertilizers, iron and steel, aluminum, and cement — are
projected to range from 30.2% to 82.5% of baseline levels under climate
policy scenarios. In transportation, emissions from aviation and shipping

are expected to remain between 70.2% and 91.2% of baseline levels. The
analysis of decarbonization drivers reveals that demand-side strategies —
such as improving energy efficiency and optimizing activity levels — are the
main levers for decarbonizing aviation and shipping. On the supply side,
technologies such as carbon capture and storage (CCS) are crucial for
reducing emissions in heavy industries, whereas electrification is key for
decarbonizing aluminum. This study provides actionable insights into the
strategies needed to achieve a near-zero or net-zero energy system by mid-
century, emphasizing the importance of integrating technological innovation
with strong policy support.

Keywords: Hard-to-Abate Sector, Decarbonization, Energy Transition, Net-Zero Energy Systems
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I. Introduction

The need to address climate change and reduce greenhouse gas emissions
has placed the decarbonization of global energy systems at the forefront

of international policy discussions (UNEP 2023). This effort aligns with the
2015 Paris Agreement’s ambitious goal of keeping the temperature increase
below 2°C and pursue efforts to keep the increase as low as 1.5°C (Gambhir
et al. 2019). However, this task is fraught with challenges, including the path
dependence of fossil fuels and overcoming regulatory and market barriers
that obstruct the transition toward cleaner energy solutions (Paltsev et al.
2022; Sharmina et al. 2021; Yang et al. 2022). These hurdles are particularly
pronounced in hard-to-abate sectors such as aviation, shipping, road freight,
and heavy industry. The decarbonization challenges of these sectors include
their highly energy-intensive operations, the absence of easily scalable low-
carbon technologies, and the global economic frameworks that support these
industries (Ahman 2020; de Pee et al. 2018). To meet the Paris Agreement’s
climate objectives, a transformation to a near-zero or net-zero-carbon

energy system by midcentury is vital (Davis et al. 2018; DeAngelo et al. 20271,
Kuramochi et al. 2018). This transformation demands a concerted effort to
reduce emissions across every sector of the energy landscape. However,
many scenario studies suggest that by midcentury the implementation of
carbon removal technologies will be essential to counterbalance the residual
emissions from hard-to-abate sectors (Luderer 2018). Moreover, these sectors
are expected to experience a significant increase in emissions by midcentury
despite anticipated improvements in efficiency and technology (Sharmina et
al. 2021).

The complexity associated with decarbonizing hard- solutions, offers another strategy for reducing emissions
to-abate sectors calls for innovative approaches (Davis et al. 2018; DeAngelo et al. 2021). However, the
and technologies. Advancements in clean energy feasibility and challenges of integrating these clean
technologies, such as green hydrogen, advanced energy solutions vary significantly across various hard-to-
biofuels, and carbon capture and storage (CCS), offer abate sectors. For example, while the adoption of clean
promising avenues for emission reduction in heavy hydrogen in the transportation and industrial sectors
industries and transportation sectors (Bergero et al. faces common challenges such as high production costs
2023; Sharmina et al. 2021; Van Vuuren et al. 2018). and the need for extensive infrastructure, each sector
Additionally, electrifying transportation, supported by the also encounters unique obstacles. In transportation, the
growth of renewable energy sources and clean energy focus is on improving hydrogen fuel cell technology for
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better efficiency and durability, alongside developing a
comprehensive refueling network to support widespread
vehicle adoption (Bergero et al. 2023; Burandt et al.
2019). In contrast, the industrial sector must overcome
the significant hurdle of retrofitting existing processes
for hydrogen use, particularly in high-temperature
applications (Kumar, Tiwari, Milani 2024; van Sluisveld et
al. 2021).

Numerous research endeavors have independently
explored the impacts of technological advancements
on sectors that pose challenges for decarbonization.
These efforts generally fall into the following two
main categories:

1. Scenario and modeling studies: These studies
utilize models to identify potential technological
pathways for decarbonizing these sectors. Notable
modeling studies include those by Bergero et al.

(2023), Fiorini et al. (2023), Franz et al. (2022), Nakano,

Sano, and Akimoto (2022), Paltsev et al. (2022), Yang
et al. (2022), and Sharmina et al. (2021). Sharmina

et al. (2021) explored decarbonization strategies

for critical sectors such as aviation, shipping, road
freight, and industry to limit global warming to 1.5 to
2°C . Additionally, Paltsev et al. (2022) and Yang et
al. (2022) investigated the economic implications

of decarbonization efforts in India and China,
respectively. Bergero et al. (2023), Fiorini et al. (2023)
and Nakano et al. (2023) focused on the impact of
decarbonization on air transport. Furthermore, Franz
et al. (2022) explored the requirements for maritime
transition in line with the Paris Agreement.

2. Feasibility assessments studies: These studies
evaluate the practicality and viability of implementing
new technologies within hard-to-abate sectors.
Feasibility studies typically take a more grounded
approach, concentrating on the technical and
operational aspects of technology deployment.
For example, Superchi et al. (2022) analyzed the
substitution of gray hydrogen with green hydrogen
in hard-to-abate industries. Azadnia et al. (2023)
identified and analyzed the risks associated with
establishing a green hydrogen supply chain in

Europe’s challenging sectors. Furthermore, Busby and
Shidore (2017) examined the political, organizational,
and technoeconomic feasibility of decarbonization
efforts in India’s hard-to-abate sectors.

Both approaches in the literature complement each other
by offering insights into the solution space and challenges
associated with the decarbonization of hard-to-abate
sectors. By building on the abovementioned literature,
this study aims to explore the pathways for decarbonizing
the critical hard-to-abate end-use sector of energy
systems by midcentury. Through the use of a technology-
rich integrated assessment model called the global
change assessment model (GCAM), this study aims to
uncover the primary technological drivers and constraints
hindering the decarbonization of these sectors. This
study focuses on two distinct illustrative midcentury
climate pathways, one aligned with limiting global
warming to 1.5°C and the other, which is less stringent,
aligned with a 2°C temperature rise. These illustrative
projections provide a framework for assessing feasibility
and strategies for effectively achieving substantial
emission reductions across various sectors. This study
bridges the two areas of literature discussed earlier by
exploring potential solutions and examining the feasibility
of decarbonizing these sectors from the perspective of
technological drivers. To achieve this goal, this study
applies a decomposition analysis to examine the direct
and indirect energy system drivers for decarbonizing the
hard-to-abate transportation and industry sectors. This
work then explores the potential demand- and supply-
side strategies for aligning these sectors with pathways
that are compatible with the Paris Agreement. Overall, this
study aims to contribute and provide actionable insights
that can support global efforts toward achieving a near-
zero' or net-zero energy system by midcentury.

The remainder of this study is structured as follows. In
Section 2, an overview of the GCAM, scenario design, and
decomposition framework is provided. Section 3 delves
into the energy transformation and emission profiles, with
a specific focus on the implications of decarbonization

in the hard-to-abate sector. Finally, Sections 4 and 5
summarize the key insights and conclusions, respectively.
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2. Methodology

2.1 Global Change Assessment Model

(GCAM)

The GCAM is a dynamic-recursive model with a technology-rich
representation of the economy, energy, land use, and water linked to a climate
model (Calvin et al. 2019). The model consists of 32 geopolitical regions, runs
in five-year time steps from 1990 to 2100 and simulates future emission paths
for 24 greenhouse gases and short-lived species, including CO, (from fossil
fuel combustion and land use change), CH,, N,O, NOx, SO,, BC, OC, CO and

NMVOC (McJeon et al. 201).

The GCAM’s energy system consists of resource
production (e.g., oil, coal, and natural gas), energy
transformation (e.g., power generation and refining),

and end-use (e.g., building, industrial, and transport)
sectors. The demand for energy services in end-use
sectors is determined by the equilibrium prices and
quantities for each market. For each period, these
dynamics are driven by exogenous assumptions of
population growth and labor productivity, as well as the
prescribed representation of resources, technology,

and policy constraints. Technology choice in the GCAM
is endogenously determined by market competition,
represented by a logit model mimicking decision-
making among competing technology options. The logit
formulation allocates market share to technologies on the
basis of their levelized costs, which are mediated by the
influence of noncost factors such as societal preferences,
existing infrastructure, and noncost barriers to market
entry. Furthermore, the logit model is calibrated to avoid
a “winner-takes-all” response. The GCAM’s building end-
use sector consists of residential and commercial sectors
and models floorspace and three aggregate services
(heating, cooling, and other). The GCAM'’s industrial
end-use sector is represented by nine subsectors,

which include six manufacturing subsectors (iron and
steel, chemicals, aluminum, cement, fertilizer, and other
industry). Importantly, the “other industry” category
comprises a diverse array of sectors involved in energy
transformation, manufacturing, and nonmanufacturing

activities2. The GCAM transportation sector is
disaggregated into passenger (road, rail, and domestic
aviation), freight (road and rail), international aviation, and
international shipping transportation. See the Appendix
for schematic representations of the GCAM transportation
and industrial subsectors.

2.2 Scenario Design

This study explores a reference scenario and two
midcentury decarbonization pathways (see Table 1). The
reference scenarios serve as a counterfactual for the
decarbonization scenarios (i.e., nationally determined
contribution (NDC) and NDC+), which assume that no
climate policies are in place, thereby representing

a counterfactual baseline trajectory against which

the impacts of the NDC and NDC+ pathways can be
compared. The decarbonization scenarios are modeled
with varying assumptions regarding the progression

of commitments over the short and medium terms.
Importantly, the assumptions used in constructing the
scenarios are based on lyer et al. (2023). In the short term
(2020-2030), the NDC scenario assumes that regions will
fulfill their declared NDC targets, setting the foundation
for further climate action. In the second scenario, the
NDC+ scenario, regions classified as “critically insufficient”
and “highly insufficient” by the Climate Action Tracker
(CAT) are required to reduce emissions by 30% below
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their current NDC levels. This proactive approach aims
to significantly curtail emissions from the outset. For the
medium term (2031-2050), both scenarios project that
countries and regions with official long-term strategies
(LTSs) or net-zero commitments will adhere to these
plans. The NDC scenario assumes a minimum annual
decarbonization rate of 2% for regions without LTSs,
which aligns with a 2°C temperature increase target. In the
case of the NDC+ scenario, regions without LTSs adopt a
more ambitious 5% annual decarbonization target, aiming
for compatibility with the stringent 1.5°C target. Together,
the NDC and NDC+ scenarios illustrate differentiated
pathways toward energy system decarbonization by mid-
century. Furthermore, this study applies socioeconomic
assumptions related to shared socioeconomic pathway

2 (SSP2), which represents a “middle-of-the-road”
scenario that assumes no significant departures from
historical growth patterns. This situation provides a
balanced view of future challenges and feasibility in
achieving decarbonization in hard-to-abate energy
system sectors. This study employs the base model
technology assumption from the GCAM to reflect a future
scenario where energy technologies evolve according

to current trends and policies. Using the GCAM’s base
assumption for sectorial technology representation
affords the study an effective way in which to capture the
essential dynamics of global energy systems and inherent
challenges associated with hard-to-abate sectors.

2.3 Decomposition
Analysis

This study aims to explore the primary drivers of
decarbonization in hard-to-abate sectors, particularly

transportation and industry. This work divides the
decarbonization drivers into three main categories,
namely, direct CO, emissions, indirect CO, emissions, and
non-CO, emissions, as detailed in Equation (1). Indirect
CO, emissions include reductions achieved through
strategies such as electrification, hydrogen utilization,
and CCS. In contrast, direct CO, emissions focus on
emissions released directly from processes within these
sectors, often referred to as point-source emissions. To
provide a deeper understanding, this study applies a
simplified variant of the Kaya identity, dissecting direct
CO, emissions into the following more granular drivers:
activity, energy intensity, and carbon intensity. The
activity driver is a key metric that quantifies the emission
reductions achieved through behavioral changes and
demand avoidance, measured in terms of sectoral
output. In the transportation sector, this is reflected by
the distance traveled (in million passenger kilometers or
million ton kilometers), whereas in the industrial sector,
itis represented by the quantity of industrial output (in
megatons or exajoules). The energy intensity metric
evaluates the energy efficiency of the processes within
these sectors, denoting the amount of energy required
per unit of output. Improvements in this area can lead to
substantial emission reductions, particularly in industries
and transport modes with high energy demands. Finally,
the carbon intensity metric assesses the CO, emitted
per unit of energy consumed, providing an indicator of
the carbon footprint associated with the energy use of
each sector. By focusing on these components, this study
provides a structured framework through which to assess
the technological and operational challenges inherent in
decarbonizing the transportation and industrial sectors.

Table 1. Assumptions of emission trajectories for scenarios (2020 to 2050).

Reference .

NDC - Regional NDC targets achieved

below current NDC levels

- Emissions in critical regions reduced by 30% .

W Short term (2020-2030) Medium term (2031-2050)

No emission constraints and emissions driven by socioeconomic dynamics

- Regional LTSs and net-zero targets achieved
« Minimum 2% annual GHG intensity reduction

Regional LTSs and net-zero targets achieved
- Minimum 5% annual GHG intensity reduction
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3. Results: Scenario

Analysis

3.1 Primary Energy Transformation

Our modeling results indicate that under the reference scenario, the global
primary energy supply increases from 564.7 EJ in 2015 to 919.3 EJ in 2050
(see Figure 1), representing a growth of 63%. Fossil fuels, including oil, natural
gas, and coal, continue to grow, collectively accounting for approximately
/3.4% of the total primary energy mix in 2050. Notably, natural gas demand
rises significantly from 127 EJ in 2015 to 218 EJ in 2050. Furthermore, solar
and wind resources are projected to surge to approximately 69.69 EJ by
2050, representing a 1/-fold increase relative to 2015 levels.

Advancements in energy efficiency and behavioral shifts
significantly lower total primary energy consumption
across the two decarbonization pathways. In 2050, the
demand reduction for the NDC scenario corresponds

to 15.9% of that of the reference scenario, whereas the
reduction for the NDC+ scenario corresponds to a greater
decrease of 21.9%. In addition to demand reduction, the
primary energy outlook for the decarbonization pathways
involves structural transformation. As illustrated in Figure
1, this transformation is marked by a shift from traditional
fossil fuels toward renewables, nuclear energy and the
integration of CCS technologies with fossil energy.

The 2050 projections for the decarbonization pathways
show a substantial increase in solar and wind energy
installations compared with the reference scenario. The
results indicate a net increase of 57.3 EJ for the NDC
scenario and 89.1 EJ for the NDC+ scenario. As a type

of critical transitional fuel, natural gas technologies
integrated with CCS are projected to play an important
role in midcentury decarbonization strategies, accounting
for approximately 8.7% and 13.3% of the energy supply in
the NDC and NDC+ scenarios by 2050, respectively.

3.2 Final Energy
Transformation

Electricity demand is forecasted to significantly increase
by 2.63 times from the 2015 level of 74.6 EJ, reaching
196.8 EJ by 2050 for the reference scenario. This
considerable surge in electricity demand in the reference
scenario stems from increased end-use demand in both
developed and developing nations and mirrors the
current potential of electrification advancements across
sectors such as transportation and new applications in
buildings. However, the projection of hydrogen as an end-
use energy service is moderate, reaching approximately
12.4 EJ by 2050.3

The results for the decarbonization pathways indicate

a notable increase in both hydrogen and electricity
compared with the reference outlook (refer to Figure 2).
Specifically, within these pathways, the net end-use
demand for hydrogen is projected to increase by 4.7 EJ
for the NDC scenario and 14.9 EJ for the NDC+ scenario
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Figure 1. Primary energy trajectories of the reference and decarbonization scenarios.
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Figure 2. Final energy trajectories of the reference and decarbonization scenarios.
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by 2050 (which corresponds to 39.2% and 312.4%
increases, respectively, compared with the reference). In
contrast, the mitigation constraints lead to a substantially
greater increase in electricity demand, with net increases
of 32.9 EJ and 69.9 EJ for the NDC and NDC+ scenarios,
respectively, by 2050. This disparity can be attributed to
several factors. First, electricity has broader and more
extensive application across various sectors, such as
transportation, industry, and residential consumption,
than does hydrogen. Second, rapid advancements

in electrification technologies, coupled with cost
reductions for mature technologies such as wind and
solar, significantly contribute to the projected growth in
electricity demand relative to hydrogen demand.

3.3 End-Use Energy
Consumption

Figure 3 shows the energy service composition for
2050 across the following three scenarios: the reference
scenario and two decarbonization scenarios (NDC and

NDCH+). This figure shows the structural differences

in energy end-use services between the mitigation
scenarios and the reference scenario. The final energy
compositions vary significantly across sectors such as
building, industry, and transportation. These distinctions
across scenarios are particularly evident in the adoption
of electrification and hydrogen technologies. For the
mitigation scenarios, there is a pronounced tilt toward
electrification in critical sectors such as passenger cars
and freight transportation, where electricity makes up
approximately 6.3 to 16.2% of total end use by 2050.
Furthermore, owing to its versatility, electricity still

has a sizable share in the building sector, especially in
commercial buildings, where it is projected to make up
approximately 84.5% to 90.1% of total end use by 2050
for the mitigation pathways. Compared with that in the
reference scenario, the role of hydrogen as an end-use
energy carrier is significantly greater in the mitigation
scenario. In the NDC+ scenario, hydrogen emerges as
a significant energy source within the cement sector,
comprising 22.4% of its energy mix, equivalent to 2.1 EJ.
This finding indicates a substantial increase from the
reference scenario, where hydrogen accounts for only

Figure 3. Sectoral final end-use composition of the reference and decarbonization scenarios for 2050.
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2.96% (i.e., 0.47 EJ) of the sector’s energy consumption.
Similarly, the iron and steel sector has a heightened
hydrogen utilization rate of 9.95% (i.e., 0.1 EJ) in the
NDC+ scenario, whereas it is 6.82% (0.03 EJ) in the
reference scenario.

3.4. Economy-Wide
and Sectoral GHG
Emission Profiles

Figure 4 depicts the trajectory of sectoral CO, and GHG
emissions across both the reference and decarbonization
pathways. Variations in emission profiles are driven by
the abovementioned technology trajectory, which results
in notable differences in sectoral residual emission
outcomes. In the reference scenario, GHG emissions

are projected to increase to 66.8 GtCO,e by 2050,
representing a 1.4-fold increase compared with 2015
levels. Within the reference scenario, the electricity
sector’s CO, emissions increase continuously, positioning

it as a dominant emitter by 2050. Specifically, the
projection indicates that emissions from this sector will
reach 20.6 GtCO,e by 2050, accounting for approximately
30.8% of the total projected GHG emissions.

In contrast with the reference scenario, projections for
2050 under the NDC and NDC+ scenarios illustrate

a starkly different future for the electricity sector. The
residual emissions are projected to plummet to near
zero, with forecasts of approximately 1.9 GtCO,e for the
NDC scenario and a further reduction of 0.79 GtCO,e for
the more ambitious NDC+ scenario in 2050. In addition,
the projection of negative emissions also varies across
mitigation scenarios. The negative emissions generated
from land use strategies such as reforestation or
afforestation account for approximately 4.6 GtCO, and
5.1 GtCO, by 2050 for the NDC and NDC+ scenarios,
respectively. The deployment of direct air capture
accounts for approximately 3.7 GtCO2 and 4.1 GtCO,
emissions by 2050 for the NDC and NDC+ scenarios,
respectively.

Figure 4. Greenhouse gas emission trajectories for the reference and decarbonization scenarios.
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Figure 5 provides a detailed view of sector-specific
residual emissions under the reference scenario and

two mitigation scenarios, highlighting the feasibility of
decarbonization across different sectors. Importantly,
these projections account for all greenhouse gas
emissions in CO,-equivalent terms, offering a more
comprehensive perspective on the potential for emission
reductions. The building sector, which includes residential
and commercial buildings, has significant potential for
reduction, with emissions projected to decrease by 74.2—
95.5% from the reference levels.* In contrast, the chemical
sector shows considerable residual emissions, accounting
for more than 79% of the emissions in the reference
scenario, even under the more stringent NDC+ regime.

Figure 5. Sectoral greenhouse emission projection for 2050.
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4. Decomposition
Analysis of Key

Drivers

This section aims to explore the key drivers involved in decarbonizing

the hard-to-abate transportation and industry sectors. Table 2 provides a
heatmap that highlights the relative contributions of various direct and indirect
mitigation drivers by 2050. AGHG represents the change in greenhouse

gas emissions (measured in GtCO _e) compared with the reference scenario
shown in Figure 5. Other drivers — AAct (activity), AEl (energy intensity), ACI
(carbon intensity), AElec (electrification), AH2 (hydrogen), ACCS (CCS), and
ANon-CO, (non-CO, GHG emissions) — are expressed as percentages of
AGHG, indicating their respective contributions to overall mitigation efforts
(Equation (4)). The discussion is structured around two sectors (transportation
and industry) and two categories (demand-side and supply-side strategies).
Demand-side strategies focus on AAct and AEl, whereas supply-side
strategies include direct decarbonization levers (i.e., ACIl) and indirect levers

such as AH2, ACCS and ANon-COz.

41 Decarbonization
Drivers for
Transportation

Our modeling results provide a nuanced perspective
on the potential effectiveness of supply-side strategies
considering the current trajectories and anticipated
technological advancements. The results in Table 2
indicate that the combined contribution of electrification
and hydrogen deployment in the aviation sector is
minimal, accounting for less than 1% of the emission
reduction due to the current limitations of these
technologies. Similarly, hydrogen contributes only

marginally to the decarbonization of the shipping sector,
with contributions of approximately 2.2% in the NDC+
scenario and 3.6% in the NDC scenario. Furthermore,
owing to the limited availability of viable decarbonization
solutions in the aviation and shipping sectors, carbon
intensity — which serves as a structural indicator of the
carbon efficiency of energy use — also plays a marginal
role, contributing less than 1% to overall decarbonization
efforts. However, the outlook is more optimistic for
freight and passenger transportation modes. In the
freight sector, carbon intensity is projected to be a key
driver of decarbonization, contributing 36% in the NDC
scenario and 37% in the NDC+ scenario. The structural
shift in carbon intensity for freight transportation is
further supported by the adoption of electrification,
which contributes approximately 27%, and hydrogen,

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 14
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Table 2. Overview of sectoral decarbonization drivers for 2050.

Demand-side strategies

Supply-side strategies
A

—_— \
A GHG (GtCO4e) AACT AEIl ACI A H2 ACCS A Non-CO2

Commercial -5.2 0.1% 9.6% 2.2% 0.1% - 0.3%
Residential -5.8 - 10.6% 0.1% - 1.5%
Aluminum -0.4 0.5% 18.3% 0.0% 1.6% 0.1%
Cement -1.2 16.7% 0.2%
Chemical -0.2 54%
Fertilizer -0.2 10.9% Q
Iron and steel -2.2 8.8% 2
Other industry -9.3 2.0% 0.5% 23.1% 15.9%
Freight 1.3 6.9% 9.5% - 0.8%
Intl aviation -0.1 11.4%
Intl shipping -0.2
Passenger -1.3
Commercial -6.0
Residential -7.2
Aluminum -0.5
Cement -1.6
Chemical -0.3
Fertilizer -0.2 &S
Iron and steel -2.6 =]

- 1 =
Other industry 16.8%
Freight | 185% | 8.0% - 0.8%
Intl aviation -0.2 0.9% - 1.9%
Intl shipping -0.3 2.2% - 0.9%
Passenger -2.3 9.9% - 0.5%

Note: The red bars represent the magnitude of mitigation (AGHG) measured in GtCO,e compared with the

reference scenario.

which contributes approximately 8%. In the passenger
transportation sector, electrification and improvements in
carbon intensity are the major drivers of decarbonization,
each contributing more than 30%. Additionally, hydrogen
deployment plays a significant role, contributing more
than 9% to emission reductions in both scenarios.

Given the limited availability of viable supply-side
solutions in shipping and aviation, our modeling results
suggest that demand-side strategies focused on reducing
energy intensity and activity levels are the most effective
drivers of decarbonization. For example, energy intensity
improvements contribute to more than 80% of emission
reductions in the aviation sector and approximately 60%
in the shipping sector across both scenarios. Additionally,
our findings indicate that demand-side strategies in

the passenger car sector, such as energy conservation
behaviors (AAct) and the adoption of more efficient
vehicles (AEl), are projected to achieve significant
emission reductions, ranging from 48.4% to 49.4%, in both

scenarios. In the freight sector, emission reductions are
driven primarily by energy efficiency improvements (AEl),
which account for 36% of the reductions in both scenarios.
In contrast, the activity-level driver plays a minor role in
freight sector decarbonization, contributing approximately
6.9% and 7.7% in the NDC and NDC+ scenarios,
respectively.

4.2 Decarbonization
Drivers for Industry

The strategic integration of CCS is essential for reducing
point-source emissions across various industrial sectors.
Our modeling results highlight that CCS plays a pivotal
role in decarbonizing industries, particularly in chemicals,
fertilizers, and iron and steel, where it is projected to
contribute over 39% of the total emissions reductions.
CCS also has a significant effect on the cement and
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other industry sectors, accounting for more than 20% of
emissions reductions. However, its role in the aluminum
industry is relatively minor, as approximately 70% of
emissions from aluminum production are attributed to
electricity consumption during smelting. In this context,
clean electrification emerges as the primary driver of
emission reduction in the aluminum sector, accounting
for approximately 79% of the potential reduction.
Electrification also contributes moderately to emission
reductions in other heavy industrial sectors, including
chemicals, other industry, cement, and iron and steel, with
contributions ranging from 7.2% to 32.9%. The adoption
of hydrogen, although slower than electrification, has a
more moderate impact, with contributions as low as 2%
in sectors such as cement and iron and steel under the
NDC scenario and up to 8% in the fertilizer sector. Finally,
the structural change in direct carbon intensity (ACI) is
moderate, ranging from 1.6% to 4.8% in fertilizers and iron
and steel at the lower bound and from 14.4% to 18.8% in
cement and chemicals at the upper bound.

Demand-side strategies for decarbonization in heavy
industries can be achieved through the adoption of
energy-efficient processes and equipment, as well

as by redesigning industrial processes to increase
resource efficiency and promote circularity (Allwood

et al. 2017). The results suggest that improvements in
energy intensity can contribute between 18% and 30%
of total emissions reductions. These significant gains

in energy efficiency stem from the cost-effectiveness

of efficiency improvements compared with supply-side
decarbonization strategies in heavy industrial sectors.

In addition, the contribution of activity-level drivers

to decarbonization — such as optimizing production
volumes or shifting to less carbon-intensive products

— is relatively moderate. Owing to the structural nature
and complexity involved in achieving activity-level
decarbonization, the model projects contributions as low
as 0.5% in the aluminum sector and as high as 17.4% in the
cement sector.
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5. Opportunities

and Challenges for
Decarbonizing Hard-
to-Abate Sectors

To offer a practical interpretation of the modeling results, this section aims to
discuss the potential solutions and challenges associated with each driver.
The discussion of the results is structured around demand- and supply-

side strategies for each of the two hard-to-abate sectors. The demand-

side strategies include interventions aimed at reducing emissions through
behavior changes or the adoption of efficient technologies. The supply side
encompasses strategies associated with direct and indirect fuel switching to
low-carbon alternatives and capture technologies.

541 Demand-Side
Decarbonization
Opportunities and
Challenges for
Transportation

Demand-side strategies present substantial opportunities
to reduce emissions in the transportation sector,
particularly in aviation, maritime, and passenger

vehicles. Our model highlights that improvements in
energy efficiency and activity levels are key drivers of
decarbonization in the aviation and maritime sectors.

For aviation, the widespread adoption of lightweight
composite materials in aircraft structures and components
can lead to significant emission savings (Nagaraju et al.

2023; Ranasinghe et al. 2019). Additionally, improvements
in engine designs and aerodynamic refinements can
increase fuel efficiency by 7% to 30%, contributing
significantly to emission reduction (Bravo-Mosquera,
Ceréon-Mufioz, and Catalano 2022; McDonald et al. 2022;
Owen, Lee, and Lim 2010). Similarly, the maritime sector
can achieve up to a 19% reduction in CO, emissions
through slow steaming (Wang et al. 2022), with additional
fuel savings of 10% to 15% from hull optimization and
propulsion efficiency upgrades (Balcombe et al. 2019).
Wind-assisted propulsion technologies offer another 5%
to 20% reduction in fuel consumption (Smith et al. 2013),
whereas waste heat recovery systems can enhance
energy efficiency by 5% to 7% (Bouman et al. 2017).

On the activity side, advanced logistical planning and
optimized routing have the potential to further reduce
fuel consumption and emissions in both aviation and
maritime transport. In aviation, optimized flight planning
based on real-time conditions can save up to 7% of fuel
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per flight, significantly reducing CO, emissions (Rosenow,
Lindner, and Scheiderer 2021; Xu et al. 2014). In maritime
transport, applying advanced operational strategies to
optimize vessel speed and routing can lead to a 5% to
10% reduction in fuel consumption (Bouman et al. 2017).
Additionally, changes in supply chain management, such
as enhancing local production and distribution networks,
can minimize the need for long-haul transportation,
particularly for nonurgent or perishable goods, thereby
reducing emissions (Cuenot et al. 2012).

For passenger vehicles, demand-side strategies such

as adopting fuel-efficient vehicles, expanding public
transit options, promoting carpooling, encouraging
remote work, and developing walkable cities have the
potential to reduce emissions by approximately 48.4%

to 49.4% (Li et al. 2022). Eco-driving behavior, which can
improve fuel efficiency by 4% to 10%, further supports this
reduction (An, Earley, and Green-Weiskel 2011; Jeffreys,
Graves, and Roth 2018). The regulatory push for stricter
fuel efficiency standards in the U.S. and Europe has
already demonstrated a measurable decrease in new car
emissions (Fontaras, Zacharof, and Ciuffo 2017). Moreover,
technological advancements, including the adoption of
advanced powertrains and lightweight materials, can
reduce vehicle emissions by up to 30% by 2030 (Luk et al.
2017).

Despite promising opportunities for decarbonization,
several challenges can hinder the implementation of
demand-side strategies. In the aviation and maritime
sectors, the high infrastructural and transactional

costs associated with developing and certifying new
technologies, such as lightweight composite materials,
present significant barriers (Camacho, Jurburg, and Tanco
2022; Zhang and Xu 2022). Operational disruptions
during upgrades, geopolitical constraints, and resistance
to changing established behaviors — such as optimizing
flight routes — further complicate efficiency improvements
(Rosenow, Lindner, and Scheiderer 2021). The maritime
industry faces similar obstacles, including high costs

and technological limitations in implementing slow
steaming, wind-assisted propulsion, and hull optimization
(Bouman et al. 2017). Furthermore, many technological
improvements identified for the aviation and maritime
sectors are not yet commercially viable, delaying their
widespread adoption (Fadiga et al. 2024).

For passenger vehicles, transitioning to more efficient
modes of transportation is challenged by resistance to
behavioral changes, especially in regions with strong car

cultures (Bachmann et al. 2018). Public transit expansion
requires substantial investment and faces resistance in
areas where car usage dominates, whereas carpooling
and ridesharing initiatives often struggle without

strong incentives (Si et al. 2023). Stricter fuel economy
standards can lead to higher manufacturing costs,
potentially increasing vehicle prices and reducing their
market adoption (An, Earley, and Green-Weiskel 2011).

In the freight sector, the widespread use of older, less
efficient vehicles, along with the high costs of lightweight
materials and technological constraints, further limits the
effectiveness of energy efficiency initiatives (Camacho,
Jurburg, and Tanco 2022; Meyer 2020). Regional
regulations and local supply chain complexities also
pose significant challenges. Efforts to increase efficiency
through optimized routing and better load management
frequently encounter resistance due to concerns over
potential operational disruptions and financial burdens
(Meyer 2020; Zhang and Xu 2022).

5.2 Supply-Side
Decarbonization
Opportunities and
Challenges for
Transportation

Supply-side decarbonization strategies offer potential
avenues for reducing carbon emissions in the
transportation sector, although their impact varies across
different modes. In the aviation sector, there is significant
interest in low-carbon alternatives such as sustainable
aviation fuels (SAFs). SAFs, such as biofuels and synthetic
fuels, can be blended with conventional jet fuel and

used in current aircraft without extensive modifications,
providing a feasible path to reduce carbon intensity
(Bergero et al. 2023; Fiorini et al. 2023). In the maritime
sector, fuel switching to low-carbon alternatives such

as liquefied natural gas (LNG), biofuels, and methanol is
being actively explored as a means to reduce emissions
compared with traditional heavy fuel oil (Bouman et

al. 2017; Faber et al. 2022). Additionally, ammonia and
hydrogen are emerging as promising zero-carbon fuels,
with significant potential to transform the shipping industry
if challenges related to infrastructure and technology are
addressed (Balcombe et al. 2019).
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The freight transportation sector, particularly for heavy-
duty vehicles such as long-haul trucks, also holds promise
for decarbonization through the adoption of clean
alternative fuels and electrification. Hydrogen fuel cell
vehicles are especially promising in this segment, offering
a practical clean energy alternative where battery-
electric solutions may fall short (Camacho, Jurburg, and
Tanco 2022). For light-duty trucks and delivery vans,
electrification is increasingly viable because of shorter
ranges and frequent stops, which align well with existing
charging infrastructure (Birky et al. 2017; Smith et al. 2019).

Conversely, supply-side decarbonization strategies
face significant challenges, particularly in aviation. While
promising, electrification and hydrogen technologies
are currently limited by technological, economic,

and infrastructural barriers. Battery technology for
electrification, for example, is constrained by energy
density, making it feasible primarily for short-haul flights
(Ranasinghe et al. 2019). Hydrogen-powered aviation
remains largely experimental and is also hindered by
concerns around storage, safety, and energy density
(Yusaf et al. 2024). Moreover, the extensive infrastructure
needed, including specialized fuel stations and storage
facilities, adds further complexity to the deployment of
hydrogen in aviation (Manigandan et al. 2023).

While our results indicate that the electrification of
passenger cars is a viable solution for decarbonization,
this transition faces significant challenges. The key among
these is securing sustainable and resilient supply chains
for critical minerals such as lithium, cobalt, and nickel,
which are essential for battery production but vulnerable
to geopolitical risks and environmental concerns. The
development of a comprehensive charging infrastructure
powered by renewable energy is equally critical to
support widespread electric vehicle (EV) adoption (Dou
et al. 2023; Paltsev et al. 2022). Additionally, achieving
technological parity with conventional vehicles —
particularly in terms of range, charging speed, and overall
convenience — remains a major hurdle (NASEM 2022).

While transitional fuels such as LNG and biofuels offer a
path to lower emissions for maritime transportation, the
adoption of these fuels requires substantial investment

in new infrastructure and technological adaptation,

which presents both financial and operational challenges
(Balcombe et al. 2019). The freight sector also faces
significant obstacles, particularly the high upfront costs
associated with adopting new technologies such as
hydrogen fuel cells and the need for widespread charging

and refueling networks. Additionally, consumer adoption
is a challenge, as it requires both education on the
benefits of these technologies and financial incentives to
offset the higher initial costs (Rinaldi et al. 2023; Sandaka
and Kumar 2023).

5.3 Demand-Side
Decarbonization
Opportunities and
Challenges

for Industry

Demand-side decarbonization in heavy industries
offers substantial opportunities to reduce emissions
through the adoption of energy-efficient processes and
equipment and the redesign of industrial operations to
increase resource efficiency and promote circularity.
Our modeling exercise highlights that activity-level
drivers are particularly crucial in sectors such as iron and
steel, fertilizer, and cement, where aligning industrial
activities with decarbonization goals can significantly
lower emissions. For example, minimizing material

yield losses and improving the recycling or reuse of
materials in the iron and steel and aluminum sectors
can lead to considerable reductions in energy use and
emissions (Stephenson and Allwood 2023; Walzberg
and Carpenter 2024). The Ellen MacArthur Foundation
(2019) estimates that the efficient and more circular use
of materials in industries such as cement, steel, plastics,
and aluminum could reduce emissions by up to 40% by
2050. Additionally, consumer behavior changes aimed
at reducing product and service demand can further
contribute to emission reductions (Stephenson and
Allwood 2023). Technological advancements also play
a key role, as the steel industry can increase energy
efficiency by recovering waste heat for onsite power
generation and recycling furnace gases as fuel (Sun et
al. 2022). In the aluminum sector, advanced smelting
technologies that reduce energy consumption and
greenhouse gas emissions are critical (Gautam, Pandey,
and Agrawal 2017). Furthermore, the chemical industry
can achieve substantial efficiency improvements through
advanced catalysis, process intensification, and raw
material recycling (Ramirez-Marquez et al. 2023). Cross-
cutting technologies such as high-efficiency boilers, heat
integration systems, and advanced automation can also
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be applied across energy-intensive sectors to increase
overall efficiency.

However, significant challenges impede the widespread
adoption of demand-side decarbonization strategies

in heavy industries. High upfront costs and prolonged
payback periods often discourage investment in
energy-efficient processes and advanced technologies,
making it difficult for industries to justify the transition

to more sustainable practices (Allwood et al. 2017,
Stephenson and Allwood 2023). Moreover, limited
consumer demand for low-carbon products reduces
market incentives for adopting greener technologies and
practices. Technological constraints also pose substantial
hurdles; many efficient technologies and processes,

such as electric furnaces, are still in the early stages of
development and face challenges in terms of scalability
and commercial viability (Ramirez-Marquez et al. 2023).
Additionally, the complexity of regional regulations

and issues within local supply chains further limits

the effectiveness of these decarbonization measures
(Camacho, Jurburg, and Tanco 2022). Efforts to increase
efficiency through optimized routing and better load
management are frequently met with resistance due to
concerns over potential disruptions to operations and the
associated financial burdens (Meyer 2020). Achieving the
full potential of demand-side decarbonization in heavy
industries requires addressing these challenges through
robust policy frameworks, economic incentives, and
continued technological innovation.

5.4 Supply-Side
Decarbonization
Opportunities and
Challenges for
Industry

The integration of CCS is pivotal for reducing point-
source emissions across various industrial sectors.

Our modeling results indicate that CCS can account

for approximately 40% of emission reductions in the
chemical, iron and steel, and fertilizer industries. For
example, in the chemical industry, CCS technologies,
including both pre- and postcombustion methods, can
capture up to 90% of CO, emissions from processes
such as steam cracking and ammonia production (Smith,

Hill, and Torrente-Murciano 2020). In the iron and steel
sector, integrating CCS with blast furnace-basic oxygen
furnace (BF-BOF) processes, direct reduced iron (DRI)
technology, and electric arc furnaces (EAFs) can capture
between 60% and 90% of emissions (Boldrini et al. 2024).
The fertilizer industry can also benefit significantly from
CCS, capturing over 85% of CO, emissions when applied
to existing ammonia production facilities. Additionally,
CCS in cement plants during clinker production can
capture between 50% and 70% of CO, emissions (Bui et
al. 2018). Furthermore, innovative fuel strategies, such

as electrification, hydrogen utilization, and low-carbon
feedstocks, offer further decarbonization potential for
critical sectors, including aluminum, cement, chemical,
fertilizer, and iron and steel. In the aluminum sector, the
electrification of the Hall-Héroult process through inert
anode technology not only eliminates direct emissions
but also improves energy management efficiency

(Ratvik, Mollaabbasi, and Alamdari 2022). The cement
industry can reduce emissions by 30% to 40% with
alternative fuels such as biomass, waste-derived fuels,
and hydrogen, alongside advanced clinker substitution
methods (Sousa and Bogas 2021, Watari et al. 2022). The
chemical industry can reduce emissions by approximately
50% by transitioning from fossil fuels to hydrogen for
ammonia and methanol production and by electrifying
process heat using renewable energy sources (Teske

et al. 2022). The iron and steel industry can achieve a
reduction in CO, emissions of over 90% by replacing
coking coal with hydrogen in the DRI process, particularly
when combined with CCS technologies (Rissman et al.
2020; Wesseling et al. 2017). Other heavy industries, such
as glass, paper, and ceramics, can achieve up to a 50%
reduction in emissions by adopting biofuels, hydrogen,
and the electrification of heating processes (Gailani et al.
2024; Thiel and Stark 2021).

However, there are several supply-side decarbonization
challenges in industry. Technological scalability is a

major issue hindering the decarbonization of heavy
industries, as exemplified by the nascent commercial
viability of technologies such as inert anodes in aluminum
production and hydrogen-based reduction in iron and
steel manufacturing (Paltsev et al. 2022; Yang et al. 2022).
The technological readiness levels of these innovations
are moderate, which implies that their widespread use
may be limited. The associated economic challenges

are also significant, with high deployment costs being a
major barrier. For example, the chemical industry’s shift
to hydrogen for ammonia production requires substantial
initial investment (Rattle, Gailani, and Taylor 2024; Rissman
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et al. 2020). Moreover, regulatory frameworks often lack
robust incentives to drive industrial transitions toward
lower-carbon processes, further stalling progress. Supply
chain limitations, particularly in terms of raw material
availability for large-scale green hydrogen production in
the fertilizer sector, are constrained by resource scarcity
and underdeveloped market conditions (Zou et al. 2022).
Additionally, environmental and social considerations,

including public acceptance and potential unintended
consequences, must be carefully navigated to ensure

the successful deployment of these technologies (Boa
Morte et al. 2023; Kim et al. 2024). The absence of strong
regulatory frameworks and economic incentives further
complicates the adoption of CCS and other innovative
technologies, making it difficult to scale these solutions to
meet global decarbonization targets (Bui et al. 2018).
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6. Conclusion and
Policy Implications

This study utilizes the GCAM with its comprehensive technological framework
to assess the possibility of decarbonizing traditionally hard-to-abate sectors
by the mid-21st century under two different climate pathways. Our findings
indicate that subsectors within industries and transportation will face more
substantial decarbonization challenges than will sectors such as building.
Despite significant shifts in both primary and final energy consumption,
along with enhancements in demand-side energy efficiency prompted by
decarbonization efforts, our analysis underscores the various technical
challenges across these sectors. These challenges stem from differences
in technological maturity, economic viability, and infrastructure capabilities,
leading to varying levels of residual emissions across subsectors by mid-

century.

Our analysis of drivers reveals that demand-side
strategies, specifically in activity optimization and

energy efficiency improvement, play a critical role in
compensating for the lack of supply-side solutions

for decarbonization in hard-to-abate sectors. To align
with near-zero emission targets by midcentury, activity
optimization entails a comprehensive reevaluation

and restructuring of energy usage across sectors. For
example, in transportation, enhancing logistics efficiency,
expanding public transit options, and encouraging
nonmotorized transportation are key measures through
which to reduce emissions effectively. In industrial
sectors, streamlining processes to minimize energy
consumption without compromising output can
significantly impact decarbonization efforts. Furthermore,
integrating energy efficiency with activity optimization can
substantially reduce the overall carbon footprint, even in
the absence of newer, cleaner technologies that are not
yet viable or widely available.

The implications of these findings are profound. First, they
underscore the necessity for policy frameworks that not
only encourage the adoption of existing technologies

but also significantly invest in behavioral change and
process improvements. Second, they highlight the need
for targeted investment in research and development

to overcome the technological hurdles in these sectors.
By improving energy efficiency and optimizing activities,
sectors can lessen their dependence on breakthrough
technological innovations, which often require more time
to develop and deploy. This reliance on demand-side
strategies offers a viable interim approach to overcoming
decarbonization challenges. While the development of
global technological solutions has progressed, there is an
immediate opportunity to achieve substantial reductions
in carbon emissions through the smarter, more efficient
use of energy and optimized activities.

The implementation of demand-side strategies for
decarbonization presents several challenges. Behavioral
resistance requires comprehensive education and
incentives to shift long-established habits, such as
adopting public transport or modifying industrial
processes for better energy efficiency. Economic
constraints can deter the initial investments needed

for energy-efficient technologies and infrastructure
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improvements, necessitating financial incentives or
innovative financing models. Effective policy support is
crucial, as regulatory frameworks must promote energy
efficiency and sustainable urban planning. Technological
limitations and knowledge gaps also hinder potential
reductions in energy usage and emissions, underscoring
the need for ongoing research and development, as well
as education to bridge information gaps. Additionally,
market structures often fail to naturally incentivize energy
conservation, suggesting a need for policies that align
financial incentives with decarbonization goals, such

as carbon pricing. Finally, ensuring that demand-side
strategies are inclusive and equitable is essential, as
they must not disproportionately burden vulnerable
populations, ensuring accessibility and benefits for all
societal segments.

In the context of supply-side strategies, our modeling
results reveal varying levels of electricity and hydrogen
penetration. While certain sectors show promising
adoption rates, the overall integration of these energy
sources remains uneven across industries. This

variability can be attributed to technological readiness,
infrastructural developments, and sector-specific
challenges. Electricity has exploited the building sector,
outpacing the industrial and transportation sectors, owing
primarily to the well-established grid infrastructure and
the maturity of electrification technologies in this context.
Conversely, hydrogen adoption is more nascent, with its
impact largely confined to sectors where high-energy-
density fuels are critical, such as heavy transportation and
certain industrial processes.

The integration of hydrogen and electricity into sectors
such as transportation and heavy industries presents
complex challenges. These include the necessity for
advanced technological development, substantial
infrastructure investments, and adaptations to meet the
unique technical requirements of these applications.
Scaling hydrogen to levels suitable for decarbonization
necessitates significant enhancements in production,
storage, and distribution capacities. Similarly, electric
solutions require refinement to efficiently manage high

energy demands. Challenges such as substantial upfront
costs, the need for robust regulatory frameworks, and
hurdles concerning market readiness and consumer
acceptance also play crucial roles.

Our modeling results indicate that the strategic integration
of CCS technologies represents a vital component in

the decarbonization of heavy hard-to-abate industrial
sectors. However, the deployment of CCS faces several
hurdles. Technological challenges remain in achieving
operational efficiency and reliability at scale, while the
high costs of CCS technologies necessitate substantial
financial investments. Furthermore, the lack of extensive
infrastructure for transporting and storing captured CO,
adds another layer of complexity. Regulatory and public
acceptance issues also pose potential obstacles, as the
long-term safety and environmental impact of CO, storage
continue to raise concerns among some stakeholders.

In addressing the challenges of decarbonization,

these hard-to-abate sectors require a nuanced and
coordinated policy approach that combines technological
advancements, supportive policies, financial
incentives, and strategic public-private partnerships.
Policymakers and stakeholders need to prioritize the
development of specific regulations that encourage the
integration of both emerging and existing technologies,
acknowledging that a one-size-fits-all strategy is not
effective. Increased research and development funding
is crucial for overcoming technological barriers and
reducing costs, whereas financial incentives such

as subsidies and innovative financing models are
essential for lowering the initial costs of low-carbon
technologies. Engaging local communities is key to
gaining public acceptance and ensuring equitable policy
implementation. Moreover, regulatory frameworks must
be robust and adaptable to support the dynamic nature
of technological advancements and ensure that these
measures do not disproportionately burden vulnerable
populations. Overall, this multifaceted approach is
essential for an effective and inclusive transition to a
low-carbon economy.
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Endnotes

" Near-zero emissions refer to a scenario where greenhouse gas emissions are reduced to a very low level, with only a small fraction
of emissions remaining.

2 We aggregate these sectors into one category to allow for a more streamlined analysis and focus on critical hard-to-abate
industrial sectors.

3 The moderate projection of hydrogen uptake in our study can be connected to the caveat that GCAM does not fully account for
hydrogen’s present commercial uses in industries such as chemicals, refining, and steel production where it's used in a gas mixture.

Our focus is specifically on hydrogen when utilized as a final energy carrier or industrial feedstock, with an emphasis on exploring
novel production technologies and applications (Wolfram et al. 2022).

4 Although the study does not specifically focus on the building sector, we highlight the results from this sector to serve as a
benchmark for comparing the progress of hard-to-abate sectors.

° This category is made up of a collection of diverse energy-intensive and manufacturing processes.

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 24



References

Ahman, Max. 2020. “Perspective: Unlocking the ‘Hard
to Abate’ Sectors.” Lund University. https://files.wri.org/
expert-perspective-ahman.pdf.

Allwood, Julian M., Timothy G. Gutowski, André C.
Serrenho, Alexandra C. H. Skelton, and Ernst Worrell.
2017. “Industry 1.61803: The Transition to An Industry
with Reduced Material Demand Fit for A Low Carbon
Future.” Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences 375
(2095). https://doi.org/10.1098/rsta.2016.0361.

An, Feng, Robert Earley, and Lucia Green-Weiskel. 2011.
“Global Overview on Fuel Efficiency and Motor Vehicle
Emission Standards: Policy Options and Perspectives for
International Cooperation.” United Nations Department of
Economic and Social Affairs, 3 (May): 1-22. https://www.
un.org/esa/dsd/resources/res_pdfs/csd-19/Background-
paper3-transport.pdf.

Azadnia, Amir Hossein, Conor McDaid, Amin
Mahmoudzadeh Andwari, and Seyed Ehsan Hosseini.
2023. “Green Hydrogen Supply Chain Risk Analysis:

A European Hard-to-Abate Sectors Perspective.”
Renewable and Sustainable Energy Reviews 182 (August):
113371. https://doi.org/10.1016/j.rser.2023.113371.

Bachmann, Friedel, Anina Hanimann, Jirg Artho, and
Klaus Jonas. 2018. “What Drives People to Carpool?
Explaining Carpooling Intention from the Perspectives
of Carpooling Passengers and Drivers.” Transportation
Research Part F: Traffic Psychology and Behaviour 59

(Part A): 260-268. https://doi.org/10.1016/j.trf.2018.08.022.

Balcombe, Paul, James Brierley, Chester Lewis, Line
Skatvedt, Jamie Speirs, Adam Hawkes, and lain Staffell.
2019. “How to Decarbonise International Shipping:
Options for Fuels, Technologies and Policies.” Energy
Conversion and Management 182 (February): 72—88.
https://doi.org/10.1016/J. ENCONMAN.2018.12.080.

Bergero, Candelaria, Greer Gosnell, Dolf Gielen,
Seungwoo Kang, Morgan Bazilian, and Steven J. Davis.
2023. “Pathways to Net-Zero Emissions from Aviation.”
Nature Sustainability 6 (4): 404—414. https://doi.
org/10.1038/s41893-022-01046-9.

Birky, Alicia, Michael Laughlin, Katie Tartaglia, Rebecca
Price, Brandon Lim, and Zhenhong Lin. 2017. Electrification
Beyond Light Duty: Class 2b-3 Commercial Vehicles.
December. https://info.ornl.gov/sites/publications/Files/
Pub106416.pdf.

Boa Morte, Icaro B., Ofélia de Queiroz F. Aradjo, Cldudia
R.V. Morgado, and José Luiz de Medeiros. 2023.
“Electrification and Decarbonization: A Critical Review
of Interconnected Sectors, Policies, and Sustainable
Development Goals.” Energy Storage and Saving 2 (4):
615—630. https://doi.org/10.1016/J.ENSS.2023.08.004.

Boldrini, Annika, Derck Koolen, Wina Crijns-Graus, Ernst
Worrell, and Machteld van den Broek. 2024. “Flexibility
Options in a Decarbonising Iron and Steel Industry.”
Renewable and Sustainable Energy Reviews 189, Part B:
113988. https://doi.org/10.1016/j.rser.2023.113988.

Bouman, Evert A, Elizabeth Lindstad, Agathe I. Rialland,
and Anders H. Strgmman. 2017. “State-of-the-Art
Technologies, Measures, and Potential for Reducing GHG
Emissions from Shipping — A Review.” Transportation
Research Part D: Transport and Environment 52 (Part A):
408-421. https://doi.org/10.1016/J.TRD.2017.03.022.

Bravo-Mosquera, Pedro David, Hernan Dario Cerdn-
Mufioz, and Fernando Martini Catalano. 2022. “Design,
Aerodynamic Analysis and Optimization of A Next-
Generation Commercial Airliner.” Journal of the Brazilian
Society of Mechanical Sciences and Engineering 44 (12):
1-22. https://doi.org/10.1007/s40430-022-03924-x.

Bui, Mai, Claire S. Adjiman, André Bardow, Edward J.
Anthony, Andy Boston, Solomon Brown, Paul S. Fennell,
Sabine Fuss, Amparo Galindo, Leigh A. Hackett, Jason

P. Hallett, Howard J. Herzog, George Jackson, Jasmin
Kemper, Samuel Krevor, Geoffrey C. Maitland, Michael
Matuszewski, lan S. Metcalfe, Camille Petit, Graeme Puxty,
Jeffrey Reimer, David M. Reiner, Edward S. Rubin, Stuart
A. Scott, Nilay Shah, Berend Smit, J. P. Martin Trusler, Paul
Webley, Jennifer Wilcoxx, and Niall Mac Dowell. 2018.
“Carbon Capture and Storage (CCS): The Way Forward.”
Energy and Environmental Science 11 (5): 1062-1176.
https://doi.org/10.1039/c7ee02342a.

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 25


https://doi.org/10.1098/rsta.2016.0361
https://www.un.org/esa/dsd/resources/res_pdfs/csd-19/Background-paper3-transport.pdf
https://www.un.org/esa/dsd/resources/res_pdfs/csd-19/Background-paper3-transport.pdf
https://www.un.org/esa/dsd/resources/res_pdfs/csd-19/Background-paper3-transport.pdf
https://doi.org/10.1016/j.rser.2023.113371
https://doi.org/10.1016/j.trf.2018.08.022
https://doi.org/10.1016/J.ENCONMAN.2018.12.080
https://doi.org/10.1038/s41893-022-01046-9
https://doi.org/10.1038/s41893-022-01046-9
https://info.ornl.gov/sites/publications/Files/Pub106416.pdf
https://info.ornl.gov/sites/publications/Files/Pub106416.pdf
https://doi.org/10.1016/j.rser.2023.113988
https://doi.org/10.1016/J.TRD.2017.03.022
https://doi.org/10.1007/s40430-022-03924-x
https://doi.org/10.1039/c7ee02342a

Burandt, Thorsten, Bobby Xiong, Konstantin Loffler,

and Pao-Yu Oei. 2019. “Decarbonizing China’s Energy
System — Modeling the Transformation of the Electricity,
Transportation, Heat, and Industrial Sectors.” Applied
Energy 255 (December): 113820. https://doi.org/10.1016/j.
apenergy.2019.113820.

Busby, Joshua W., and Sarang Shidore. 2017. “When
Decarbonization Meets Development: The Sectoral
Feasibility of Greenhouse Gas Mitigation in India.” Energy
Research and Social Science 23 (January): 60-73. https://
doi.org/10.1016/j.erss.2016.11.011.

Calvin, Katherine, Pralit Patel, Leon Clarke, Ghassem
Asrar, Ben Bond-Lamberty, Ryna Yiyun Cui, Alan Di
Vittorio, Kalyn Dorheim, Jae Edmonds, Corinne Hartin,
Mohamad Hejazi, Russell Horowitz, Gokul lyer, Page Kyle,

Sonny Kim, Robert Link, Haewon McJeon, Steven J. Smith,

Abigail Snyder, Stephanie Waldhoff, and Marshall Wise.
2019. “GCAM v5.1: Representing the Linkages Between
Energy, Water, Land, Climate, and Economic Systems.”
Geoscientific Model Development 12 (2): 677—698. https://
doi.org/10.5194/gmd-12-677-2019.

Camacho, Marfa de las Nieves, Daniel Jurburg, and Martin
Tanco. 2022. “Hydrogen Fuel Cell Heavy-Duty Trucks:
Review of Main Research Topics.” International Journal

of Hydrogen Energy 47 (68): 29505-29525. https://doi.
org/10.1016/J.1IJHYDENE.2022.06.271.

Cuenot, Francois, Lew Fulton, and John Staub. 2012.
“The Prospect for Modal Shifts in Passenger Transport
Worldwide and Impacts on Energy Use and CO,.” Energy
Policy 41 (February): 98-106. https://doi.org/10.1016/].
enpol.2010.07.017.

Davis, Steven J., Nathan S. Lewis, Matthew Shaner,

Sonia Aggarwal, Doug Arent, Inés L. Azevedo, Sally M.
Benson, Thomas Bradley, Jack Brouwer, Yet-Ming Chiang,
Christopher T. M. Clack, Armond Cohen, Stephen Doig,
Jae Edmonds, Paul Fennell, Christopher B. Field, Bryan
Hannegan, Bri-Mathias Hodge, Martin |. Hoffert, Eric
Ingersoll, Paulina Jaramillo, Klaus S. Lackner, Katharine J.
Mach, Michael Mastrandrea, Joan Ogden, Per F. Peterson,
Daniel L. Sanchez, Daniel Sperling, Joseph Stagner,
Jessika E. Trancik, Chi-Jen Yang, and Ken Caldeira. 2018.
“Net-Zero Emissions Energy Systems.” Science 360
(6396): eaas9793. https://doi.org/10.1126/science.aas9793.

DeAngelo, Julianne, Inés Azevedo, John Bistline, Leon
Clarke, Gunnar Luderer, Edward Byers, and Steven J.

Davis. 2021. “Energy Systems in Scenarios at Net-Zero
CO, Emissions.” Nature Communications 12 (1): 6096.
https://doi.org/10.1038/541467-021-26356-y.

de Pee, Arnout, Dickon Pinner, Occo Roelofsen, Ken
Somers, Eveline Speelman, and Maaike Witteveen. 2018.
Decarbonization of Industrial Sectors: The Next Frontier.
McKinsey & Company. https://www.mckinsey.com/~/
media/mckinsey/business%20functions/sustainability/
our%20insights/how%20industry%20can%20
move%20toward%20a%20low%20carbon%20future/
decarbonization-of-industrial-sectors-the-next-frontier.pdf.

Dou, Shiquan, Deyi Xu, Yongguang Zhu, and Rodney
Keenan. 2023. “Critical Mineral Sustainable Supply:
Challenges and Governance.” Futures 146 (February):
103101. https://doi.org/10.1016/j.futures.2023.103101.

Ellen MacArthur Foundation. 2019. “Completing

the Picture: How the Circular Economy Tackles
Climate Change.” https://emf.thirdlight.com/file/24/
cDm30tVcDDexwg2cD1ZEcZjUS1g/Completing%20
the%20Picture%20-%20How%20the%20circular%20
economy%20tackles%20climate%20change.pdf.

Faber, Jasper, Haifeng Wang, Dagmar Nelissen, Bruce
Russell, and David St Amand. 2010. Reduction of GHG
Emissions from Ships: Marginal Abatement Costs and
Cost Effectiveness of Energy-Efficiency Measures.
Submitted by the Institute of Marine Engineering, Science
and Technology (IMarEST). https://www.uncclearn.org/
wp-content/uploads/library/marginal_abatement_cost.
pdf.

Fadiga, André, Luis Miguel D.F. Ferreira, and Jodo

F. Bigotte. 2024. “Decarbonising Maritime Ports: A
Systematic Review of the Literature and Insights for
New Research Opportunities.” Journal of Cleaner
Production 452 (May 1): 142209. https://doi.org/10.1016/].
jclepro.2024.142209.

Fiorini, Ana Carolina Oliveira, Gerd Angelkorte, Pedro Luiz
Maia, Clarissa Bergman-Fonte, Clarissa Vicente, Taisa
Morais, Lucas Carvalho, Marianne Zanon-Zotin, Alexandre
Szklo, Roberto Schaeffer, and Joana Portugal-Pereira.
2023. “Sustainable Aviation Fuels Must Control Induced
Land Use Change: An Integrated Assessment Modelling
Exercise for Brazil.” Environmental Research Letters 18 (1):
014036. https://doi.org/10.1088/1748-9326/acaeel.

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 26


https://doi.org/10.1016/j.apenergy.2019.113820
https://doi.org/10.1016/j.apenergy.2019.113820
https://doi.org/10.1016/j.erss.2016.11.011
https://doi.org/10.1016/j.erss.2016.11.011
https://doi.org/10.5194/gmd-12-677-2019
https://doi.org/10.5194/gmd-12-677-2019
https://doi.org/10.1016/J.IJHYDENE.2022.06.271
https://doi.org/10.1016/J.IJHYDENE.2022.06.271
https://doi.org/10.1016/j.enpol.2010.07.017
https://doi.org/10.1016/j.enpol.2010.07.017
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1038/s41467-021-26356-y
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://doi.org/10.1016/j.futures.2023.103101
https://emf.thirdlight.com/file/24/cDm30tVcDDexwg2cD1ZEcZjU51g/Completing%20the%20Picture%20-%20How%20the%20circular%20economy%20tackles%20climate%20change.pdf
https://emf.thirdlight.com/file/24/cDm30tVcDDexwg2cD1ZEcZjU51g/Completing%20the%20Picture%20-%20How%20the%20circular%20economy%20tackles%20climate%20change.pdf
https://emf.thirdlight.com/file/24/cDm30tVcDDexwg2cD1ZEcZjU51g/Completing%20the%20Picture%20-%20How%20the%20circular%20economy%20tackles%20climate%20change.pdf
https://emf.thirdlight.com/file/24/cDm30tVcDDexwg2cD1ZEcZjU51g/Completing%20the%20Picture%20-%20How%20the%20circular%20economy%20tackles%20climate%20change.pdf
https://www.uncclearn.org/wp-content/uploads/library/marginal_abatement_cost.pdf
https://www.uncclearn.org/wp-content/uploads/library/marginal_abatement_cost.pdf
https://www.uncclearn.org/wp-content/uploads/library/marginal_abatement_cost.pdf
https://doi.org/10.1016/j.jclepro.2024.142209
https://doi.org/10.1016/j.jclepro.2024.142209
https://doi.org/10.1088/1748-9326/acaee1

Fontaras, Georgios, Nikiforos-Georgios Zacharof,

and Biagio Ciuffo. 2017. “Fuel Consumption and CO2
Emissions from Passenger Cars in Europe — Laboratory
Versus Real-World Emissions.” Progress in Energy

and Combustion Science 60 (May): 97-131. https://doi.
org/10.1016/j.pecs.2016.12.004.

Franz, Sebastian, Nicolas Campion, Sara Shapiro-
Bengtsen, Rasmus Bramstoft, Dogan Keles, and Marie
Minster. 2022. “Requirements for A Maritime Transition in
Line with the Paris Agreement.” IScience 25 (12): 105630.
https://doi.org/10.1016/].isci.2022.105630.

Gailani, Ahmed, Sam Cooper, Stephen Allen, Andrew
Pimm, Peter Taylor, and Robert Gross. 2024. “Assessing
the Potential of Decarbonization Options for Industrial
Sectors.” Joule 8 (3): 576—603. https://doi.org/10.1016/j.
joule.2024.01.007.

Gambhir, Ajay, Joeri Rogelj, Gunnar Luderer, Sheridan
Few, and Tamaryn Napp. 2019. “Energy System Changes
in 1.5 °C, Well Below 2 °C and 2 °C Scenarios.” Energy
Strategy Reviews 23 (January): 69-80. https://doi.
org/10.1016/J.ESR.2018.12.006.

Gautam, Meenu, Bhanu Pandey, and Madhoolika Agrawal.

2017. “Carbon Footprint of Aluminum Production.”

In Environmental Carbon Footprints: Industrial Case
Studies, edited by Subramanian Senthilkannan Muthu,
197-228. Butterworth-Heinemann. https://doi.org/10.1016/
B978-0-12-812849-7.00008-8.

lyer, Gokul, Yang Ou, James Edmonds, Allen A. Fawcett,
Nathan Hultman, James McFarland, Jay Fuhrman,
Stephanie Waldhoff, and Haewon McJeon. 2022.
“Ratcheting of Climate Pledges Needed to Limit Peak
Global Warming.” Nature Climate Change 12, no. 12
(November 10): 129-1135. https://www.nature.com/
articles/s41558-022-01508-0.

Jeffreys, lan, Genevieve Graves, and Michael Roth.

2018. “Evaluation of Eco-Driving Training for Vehicle

Fuel Use and Emission Reduction: A Case Study in
Australia.” Transportation Research Part D: Transport and
Environment 60 (May): 85-91. https://doi.org/10.1016/J.
TRD.2015.12.017.

Kamboj, Puneet, Mohamad Hejazi, Fateh Belaid,
Mohammad Aldubyan, Yang Qiu, Page Kyle, and Gokul
lyer. 2024. “Achieving Net-Zero GHG Emissions of Saudi
Arabia by 2060: The Transformation of the Building

Sector.” Riyadh: King Abdullah Petroleum Studies and
Research Center (KAPSARC). https://doi.org/10.30573/
KS--2024-DP07.

Kim, Jinsoo, Benjamin K. Sovacool, Morgan Bazilian, Steve
Griffiths, and Minyoung Yang. 2024. “Energy, Material,

and Resource Efficiency for Industrial Decarbonization:

A Systematic Review of Sociotechnical Systems,
Technological Innovations, and Policy Options.” Energy
Research and Social Science 112 (June): 103521. https://
doi.org/10.1016/j.erss.2024.103521.

Kumar, Amit, Arun Kumar Tiwari, and Dia Milani. 2024.
“Decarbonizing Hard-to-Abate Heavy Industries: Current
Status and Pathways Towards Net-Zero Future.” Process
Safety and Environmental Protection 187 (July): 408—-430.
https://doi.org/10.1016/j.psep.2024.04.107.

Kuramochi, Takeshi, Niklas Hohne, Michiel Schaeffer,
Jasmin Cantzler, Bill Hare, Yvonne Deng, Sebastian
Sterl, Markus Hagemann, Marcia Rocha, Paola Andrea
Yanguas-Parra, Goher-Ur-Rehman Mir, Lindee Wong,
Tarik El-Laboudy, Karlien Wouters, Delphine Deryng,
and Kornelis Blok. 2018. “Ten Key Short-Term Sectoral
Benchmarks to Limit Warming to 1.5°C.” Climate Policy 18
(3): 287-305. https://doi.org/10.1080/14693062.2017.1397
495,

Li, Wenxiang, Lei Bao, Ye Li, Hongyun Si, and Yiming

Li. 2022. “Assessing the Transition to Low-Carbon

Urban Transport: A Global Comparison.” Resources,
Conservation and Recycling 180 (May): 106179. https://doi.
org/10.1016/j.resconrec.2022.106179.

Luderer, Gunnar, Zoi Vrontisi, Christoph Bertram, Oreane
Y. Edelenbosch, Robert C. Pietzcker, Joeri Rogelj, Harmen
Sytze De Boer, Laurent Drouet, Johannes Emmerling,
Oliver Fricko, Shinichiro Fujimori, Petr Havlik, Gokul lyer,
Kimon Keramidas, Alban Kitous, Michaja Pehl, Volker
Krey, Keywan Riahi, Bert Saveyn, Massimo Tavoni, Detlef
P. Van Vuuren, and Elmar Kriegler. 2018. “Residual Fossil
CO, Emissions in 1.5-2°C Pathways.” Nature Climate
Change 8 (June): 626—633. https://doi.org/10.1038/
s41558-018-0198-6.

Luk, Jason M., Hyung Chul Kim, Robert De Kleine, Timothy
J. Wallington, and Heather L. MacLean. 2017. “Review of
the Fuel Saving, Life Cycle GHG Emission, and Ownership
Cost Impacts of Lightweighting Vehicles with Different
Powertrains.” Environmental Science and Technology 51
(15): 8215-8228. https://doi.org/10.1021/acs.est.7b00909.

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 27


https://doi.org/10.1016/j.pecs.2016.12.004
https://doi.org/10.1016/j.pecs.2016.12.004
https://doi.org/10.1016/j.isci.2022.105630
https://doi.org/10.1016/j.joule.2024.01.007
https://doi.org/10.1016/j.joule.2024.01.007
https://doi.org/10.1016/J.ESR.2018.12.006
https://doi.org/10.1016/J.ESR.2018.12.006
https://doi.org/10.1016/B978-0-12-812849-7.00008-8
https://doi.org/10.1016/B978-0-12-812849-7.00008-8
https://www.nature.com/articles/s41558-022-01508-0
https://www.nature.com/articles/s41558-022-01508-0
https://doi.org/10.1016/J.TRD.2015.12.017
https://doi.org/10.1016/J.TRD.2015.12.017
https://doi.org/10.30573/KS--2024-DP07
https://doi.org/10.30573/KS--2024-DP07
https://doi.org/10.1016/j.erss.2024.103521
https://doi.org/10.1016/j.erss.2024.103521
https://doi.org/10.1016/j.psep.2024.04.107
https://doi.org/10.1080/14693062.2017.1397495
https://doi.org/10.1080/14693062.2017.1397495
https://doi.org/10.1016/j.resconrec.2022.106179
https://doi.org/10.1016/j.resconrec.2022.106179
https://doi.org/10.1038/s41558-018-0198-6
https://doi.org/10.1038/s41558-018-0198-6
https://doi.org/10.1021/acs.est.7b00909

Manigandan, S., Praveenkumar, T. R., Ir Ryu, Je, Nath
Verma, Tikendra, and Pugazhendhi, Arivalagan. 2023.
“Role of Hydrogen on Aviation Sector: A Review on
Hydrogen Storage, Fuel Flexibility, Flame Stability,

and Emissions Reduction on Gas Turbines Engines.”
Fuel 352 (November): 129064. https://doi.org/10.1016/J.
FUEL.2023.129064.

McDonald, Robert A., Brian J. German, T. Takahashi,
C. Bil, W. Anemaat, A. Chaput, R. Vos, and N. Harrison.
2022. “Future Aircraft Concepts and Design Methods.”
Aeronautical Journal 126 (1295): 92—-124. https://doi.
0rg/10.1017/aer.2021.110.

McJeon, Haewon C., Leon Clarke, Page Kyle, Marshall
Wise, Andrew Hackbarth, Benjamin P. Bryant, and Robert
J. Lempert. 2011. “Technology Interactions Among Low-
Carbon Energy Technologies: What Can We Learn from

a Large Number of Scenarios?” Energy Economics 33 (4):
619-631. https://doi.org/10.1016/j.eneco.2010.10.007.

Meyer, Tobias. 2020. “Decarbonizing Road Freight
Transportation — A Bibliometric and Network Analysis.”
Transportation Research Part D: Transport and
Environment 89 (December): 102619. https://doi.
org/10.1016/J.TRD.2020.102619.

Nagaraju, Sharath Ballupete, H.C. Priya, Yashas Gowda
Thyavihalli Girijappa, and Madhu Puttegowda. 2023.
“Lightweight and Sustainable Materials for Aerospace
Applications.” In Lightweight and Sustainable Composite
Materials: Preparation, Properties and Applications,
edited by Sanjay Mavinkere Rangappa, Sunita M.
Doddamani, Suchart Siengchin, and Mrityunjay
Doddamani, 157-178. Elsevier. https://doi.org/10.1016/
B978-0-323-95189-0.00007-X.

Nakano, Yuko, Fuminori Sano, and Keigo Akimoto. 2022.
“Impacts of Decarbonization Technologies in Air Transport
on the Global Energy System.” Transportation Research
Part D: Transport and Environment 110 (September):
103417. https://doi.org/10.1016/J.TRD.2022.103417.

National Academies of Sciences, Engineering, and
Medicine (NASEM). 2022. Navigating an Electric Vehicle
Future: Proceedings of a Workshop. Edited by Raphael
Apeaning and Kimberly Howe. The National Academies
Press. https://doi.org/10.17226/26668.

Owen, Bethan, David S. Lee, and Ling Lim. 2010. “Flying
into the Future: Aviation Emissions Scenarios to 2050.”

Environmental Science and Technology 44 (7). 2255—
2260. https://doi.org/10.1021/es902530z.

Paltsev, Sergey. Angelo Gurgel, Jennifer Morris, Henry
Chen, Subhrajit Dey, and Sumita Marwah. 2022.
“Economic Analysis of the Hard-to-Abate Sectors in
India.” Energy Economics 112 (August): 106149. https://doi.
0rg/10.1016/j.eneco.2022.106149.

Ramirez-Marquez, César, Musaed M. Al-Thubaiti, Mariano
Martin, Mahmoud M. El-Halwagi, and José Maria Ponce-
Ortega. 2023. “Processes Intensification for Sustainability:
Prospects and Opportunities.” Industrial and Engineering
Chemistry Research 62 (6): 2428—-2443. https://pubs.
acs.org/doi/suppl/10.1021/acs.iecr.2c04305/suppl_file/
ie2c04305_si_001.pdf.

Ranasinghe, Kavindu, Kai Guan, Alessandro Gardi,

and Roberto Sabatini. 2019. “Review of Advanced
Low-Emission Technologies for Sustainable Aviation.”
Energy 188 (December): 115945, https://doi.org/10.1016/J.
ENERGY.2019.115945.

Rattle, Imogen, Ahmed Gailani, and Peter G. Taylor. 2024.
“Decarbonisation Strategies in Industry: Going Beyond
Clusters.” Sustainability Science 19 (1): 105-123. https://doi.
org/10.1007/s11625-023-01313-4.

Ratvik, Arne Petter, Roozbeh Mollaabbasi, and Houshang
Alamdari. 2022. “Aluminium Production Process: From
Hall-Héroult to Modern Smelters.” ChemTexts 8 (2): 1-19.
https://doi.org/10.1007/s40828-022-00162-5.

Rinaldi, Arthur, Arven Syla, Martin K. Patel, and David
Parra. 2023. “Optimal Pathways for the Decarbonisation
of the Transport Sector: Trade-offs Between Battery and
Hydrogen Technologies Using a Whole Energy System
Perspective.” Cleaner Production Letters 5 (December):
100044. https://doi.org/10.1016/J.CLPL.2023.100044.

Rissman, Jeffrey, Chris Bataille, Eric Masanet, Nate Aden,
William R. Morrow lll, Nan Zhou, Neal Elliott, Rebecca
Dell, Niko Heeren, Brigitta Huckestein, Joe Cresko,
Sabbie A. Miller, Joyashree Roy, Paul Fennell, Betty
Cremmins, Thomas Koch Blank, David Hone, Ellen D.
Williams, Stephane de la Rue du Can, Bill Sisson, Mike
Williams, John Katzenberger, Dallas Burtraw, Girish Sethi,
He Ping, David Danielson, Hongyou Lu, Tom Lorber,
Jens Dinkel, and Jonas Helseth. 2020. “Technologies
and Policies to Decarbonize Global Industry: Review and
Assessment of Mitigation Drivers Through 2070.” Applied

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury

28


https://doi.org/10.1016/J.FUEL.2023.129064
https://doi.org/10.1016/J.FUEL.2023.129064
https://doi.org/10.1017/aer.2021.110
https://doi.org/10.1017/aer.2021.110
https://doi.org/10.1016/j.eneco.2010.10.007
https://doi.org/10.1016/J.TRD.2020.102619
https://doi.org/10.1016/J.TRD.2020.102619
https://doi.org/10.1016/B978-0-323-95189-0.00007-X
https://doi.org/10.1016/B978-0-323-95189-0.00007-X
https://doi.org/10.1016/J.TRD.2022.103417
https://doi.org/10.17226/26668
https://doi.org/10.1021/es902530z
https://doi.org/10.1016/j.eneco.2022.106149
https://doi.org/10.1016/j.eneco.2022.106149
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c04305/suppl_file/ie2c04305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c04305/suppl_file/ie2c04305_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c04305/suppl_file/ie2c04305_si_001.pdf
https://doi.org/10.1016/J.ENERGY.2019.115945
https://doi.org/10.1016/J.ENERGY.2019.115945
https://doi.org/10.1007/s11625-023-01313-4
https://doi.org/10.1007/s11625-023-01313-4
https://doi.org/10.1007/s40828-022-00162-5
https://doi.org/10.1016/J.CLPL.2023.100044

Energy 266 (May): 114848. https://doi.org/10.1016/J.
APENERGY.2020.114848.

Rosenow, Judith, Martin Lindner, and Joachim Scheiderer.
2021. “Advanced Flight Planning and the Benefit of
In-Flight Aircraft Trajectory Optimization.” Sustainability 13
(3): 1383. https://doi.org/10.3390/SU13031383.

Sandaka, Bhanu Prakash, and Jitendra Kumar.

2023. “Alternative Vehicular Fuels for Environmental
Decarbonization: A Critical Review of Challenges in Using
Electricity, Hydrogen, and Biofuels as A Sustainable
Vehicular Fuel.” Chemical Engineering Journal

Advances 14 (May): 100442. https://doi.org/10.1016/J.
CEJA.2022.100442.

Sharmina, M., O. Y. Edelenbosch, C. Wilson, R. Freeman,
D. E. H. J. Gernaat, P. Gilbert, A. Larkin, E. W. Littleton, M.
Traut, D. P. van Vuuren, N. E. Vaughan, F. R. Wood, and
C. Le Quéré. 2021. “Decarbonising the Critical Sectors
of Aviation, Shipping, Road Freight and Industry to Limit
Warming to 1.5-2°C.” Climate Policy 21 (4): 455-474.
https://doi.org/10.1080/14693062.2020.1831430.

Si, Hongyun, Jiangan Shi, Wenwen Hua, Long Cheng,
Jonas De Vos, and Wenxiang Li. 2023. “What Influences
People to Choose Ridesharing? An Overview of the

Literature.” Transport Reviews 43 (6): 1211-1236. https://doi.

0rg/10.1080/01441647.2023.2208290.

Smith, Collin, Alfred K. Hill, and Laura Torrente-Murciano.
2020. “Current and Future Role of Haber-Bosch
Ammonia in a Carbon-Free Energy Landscape.” Energy
and Environmental Science 13 (2): 331-344. https://doi.
0rg/10.1039/c9ee02873k.

Smith, David, Burak Ozpineci, Ronald L. Graves,

P. T. Jones, Jason Lustbader, Kenneth Kelly, Kevin
Walkowicz, Alicia Birky, Grant Payne, Cory Sigler, and
Jeff Mosbacher. 2019. “Medium-and Heavy-Duty Vehicle
Electrification: An Assessment of Technology and
Knowledge Gaps.” Oak Ridge National Laboratory (ORNL)
and National Renewable Energy Laboratory (NREL).
https://doi.org/10.2172/1615213.

Smith, Tristan, Paul Newton, Graeme Winn, and Andrea
Grech La Rosa. 2013. “Analysis Techniques for Evaluating
the Fuel Savings Associated with Wind Assistance.”

Low Carbon Shipping Conference, London 2013. https:/
discovery.ucl.ac.uk/id/eprint/1413459/1/Newton%20
et%20al.pdf.

Sousa, Vitor, and José Alexandre Bogas. 2021.
“Comparison of Energy Consumption and Carbon
Emissions from Clinker and Recycled Cement Production.”
Journal of Cleaner Production 306 (July): 127277. https://
doi.org/10.1016/J.JCLEPRO.2021.127277.

Stephenson, Sam D., and Julian M. Allwood. 2023.
“Technology to the Rescue? Techno-Scientific Practices
in the United Kingdom Net Zero Strategy and Their Role
in Locking in High Energy Decarbonisation Pathways.”
Energy Research & Social Science 106 (December):
103314. https://doi.org/10.1016/J.ERSS.2023.103314.

Sun, Yonggi, Sicong Tian, Philippe Ciais, Zhenzhong Zeng,
Jing Meng, and Zuotai Zhang. 2022. “Decarbonising the
Iron and Steel Sector for a 2 °C Target Using Inherent
Waste Streams.” Nature Communications 13 (1): 1-8.
https://doi.org/10.1038/s41467-021-27770-y.

Superchi, F.,, A. Mati, M. Pasqui, C. Carcasci, and A.
Bianchini. 2022. “Techno-Economic Study on Green
Hydrogen Production and Use in Hard-to-Abate Industrial
Sectors.” Journal of Physics: Conference Series 2385 (1):
012054. https://doi.org/10.1088/1742-6596/2385/1/012054.

Teske, Sven, Sarah Niklas, Simran Talwar, and Alison
Atherton. 2022. “1.5 °C Pathways for the Global Industry
Classification (GICS) Sectors Chemicals, Aluminium,
and Steel.” SN Applied Sciences 4 (4): 1-23. https://doi.
0rg/10.1007/s42452-022-05004-0.

Thiel, Gregory P., and Addison K. Stark. 2021. “To
Decarbonize Industry, We Must Decarbonize Heat.” Joule
5 (3): 531-550. https://doi.org/10.1016/j.joule.2020.12.007.

United Nations Environment Programme (UNEP).

2023. Emissions Gap Report 2023: Broken Record —
Temperatures Hit New Highs, Yet World Fails to Cut
Emissions (Again). https://doi.org/10.59117/20.500.11822/4
3922.

van Sluisveld, Mariésse A.E., Harmen Sytze de Boer,
Vassilis Daioglou, Andries F. Hof, and Detlef P. van
Vuuren. 2021. “A Race to Sero — Assessing the Position
of Heavy Industry in A Global Net-Zero CO2 Emissions
Context.” Energy and Climate Change 2 (December):
100051. https://doi.org/10.1016/j.egycc.2021.100051.

van Vuuren, Detlef P, Elke Stehfest, David E. H. J. Gernaat,
Maarten van den Berg, David L. Bijl, Harmen Sytze de
Boer, Vassilis Daioglou, Jonathan C. Doelman, Oreane

Y. Edelenbosch, Mathijs Harmsen, Andries F. Hof, and
Mariésse A. E. van Sluisveld. 2018. “Alternative Pathways

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury

29


https://doi.org/10.1016/J.APENERGY.2020.114848
https://doi.org/10.1016/J.APENERGY.2020.114848
https://doi.org/10.3390/SU13031383
https://doi.org/10.1016/J.CEJA.2022.100442
https://doi.org/10.1016/J.CEJA.2022.100442
https://doi.org/10.1080/14693062.2020.1831430
https://doi.org/10.1080/01441647.2023.2208290
https://doi.org/10.1080/01441647.2023.2208290
https://doi.org/10.1039/c9ee02873k
https://doi.org/10.1039/c9ee02873k
https://doi.org/10.2172/1615213
https://discovery.ucl.ac.uk/id/eprint/1413459/1/Newton%20et%20al.pdf
https://discovery.ucl.ac.uk/id/eprint/1413459/1/Newton%20et%20al.pdf
https://discovery.ucl.ac.uk/id/eprint/1413459/1/Newton%20et%20al.pdf
https://doi.org/10.1016/J.JCLEPRO.2021.127277
https://doi.org/10.1016/J.JCLEPRO.2021.127277
https://doi.org/10.1016/J.ERSS.2023.103314
https://doi.org/10.1038/s41467-021-27770-y
https://doi.org/10.1088/1742-6596/2385/1/012054
https://doi.org/10.1007/s42452-022-05004-0
https://doi.org/10.1007/s42452-022-05004-0
https://doi.org/10.1016/j.joule.2020.12.007
https://doi.org/10.59117/20.500.11822/43922
https://doi.org/10.59117/20.500.11822/43922
https://doi.org/10.1016/j.egycc.2021.100051

to the 1.5 °C Target Reduce the Need for Negative
Emission Technologies.” Nature Climate Change 8 (5):
391-397. https://doi.org/10.1038/s41558-018-0119-8.

Wolfram, Paul, Page Kyle, Jay Fuhrman, Patrick O’Rourke,
and Haewon McJeon. 2024. “The Hydrogen Economy
Can Reduce Costs of Climate Change Mitigation by Up to
22%.” One Earth 7, no. 5 (May 17): 885-895. https://doi.
org/10.1016/j.oneear.2024.04.012.

Walzberg, Julien, and Alberta Carpenter. 2024. “Circular
Economy Contributions to Decarbonizing the US Steel
Sector.” In Technology Innovation for the Circular
Economy, edited by Nabil Nasr, 725-738. John Wiley &
Sons, Ltd. https://doi.org/10.1002/9781394214297.ch54.

Wang, Yang, Qun Cao, Long Liu, Yue Wu, Hongyu Liu,
Ziyang Gu, and Cunxi Zhu. 2022. “A Review of Low and
Zero Carbon Fuel Technologies: Achieving Ship Carbon
Reduction Targets.” Sustainable Energy Technologies
and Assessments 54 (December): 102762. https://doi.
org/10.1016/J.SETA.2022.102762.

Watari, Takuma, Zhi Cao, Sho Hata, and Keisuke Nansai.
2022. “Efficient Use of Cement and Concrete to Reduce
Reliance on Supply-Side Technologies for Net-Zero
Emissions.” Nature Communications 13 (1): 4158. https://
doi.org/10.1038/541467-022-31806-2.

Wesseling, J. H., S. Lechtenbohmer, M. Ahman, L. J.
Nilsson, E. Worrell, and L. Coenen. 2017. “The Transition
of Energy Intensive Processing Industries Towards
Deep Decarbonization: Characteristics and Implications
for Future Research.” Renewable and Sustainable

Energy Reviews 79 (November): 1303-1313. https://doi.
org/10.1016/J.RSER.2017.05.156.

Xu, Jia, S. Andrew Ning, Geoffrey Bower, and llan Kroo.
2014. “Aircraft Route Optimization for Formation Flight.”
Aerispace Research Central 51(2): 490-501. https:/doi.
org/10.2514/1.C032154.

Yang, Xi, Chris P. Nielsen, Shaojie Song, and Michael B.
McElroy. 2022. “Breaking the Hard-to-Abate Bottleneck in
China’s Path to Carbon Neutrality with Clean Hydrogen.”
Nature Energy 7 (10): 955-965. https://doi.org/10.1038/
s41560-022-01114-6.

Yusaf, Talal, Abu Shadate Faisal Mahamude, Kumaran
Kadirgama, Devarajan Ramasamy, Kaniz Farhana,
Hayder A. Dhahad, and ABD Rahim Abu Talib. 2024.
“Sustainable Hydrogen Energy in Aviation — A Narrative
Review.” International Journal of Hydrogen Energy

52 (Part C): 1026-1045. https://doi.org/10.1016/J.
[JHYDENE.2023.02.086.

Zhang, Wen, and Jun Xu. 2022. “Advanced Lightweight
Materials for Automobiles: A Review.” Materials & Design
221 (September): 110994. https://doi.org/10.1016/J.
MATDES.2022.110994.

Zou, Caineng, Jianming Li, Xi Zhang, Xu Jin, Bo Xiong,
Huidi Yu, Xiaodan Liu, Shanyu Wang, Yiheng Li, Lin Zhang,
Sheng Miao, Dewen Zheng, Hongjun Zhou, Jiani Song,
and Songqi Pan. 2022. “Industrial Status, Technological
Progress, Challenges, and Prospects of Hydrogen
Energy.” Natural Gas Industry B 9 (5): 427—-447. https://doi.
0rg/10.1016/j.ngib.2022.04.006.

Key Drivers of Decarbonizing Hard-to-Abate Energy-System Sectors by Midcentury 30


https://doi.org/10.1038/s41558-018-0119-8
https://doi.org/10.1016/j.oneear.2024.04.012
https://doi.org/10.1016/j.oneear.2024.04.012
https://doi.org/10.1002/9781394214297.ch54
https://doi.org/10.1016/J.SETA.2022.102762
https://doi.org/10.1016/J.SETA.2022.102762
https://doi.org/10.1038/s41467-022-31806-2
https://doi.org/10.1038/s41467-022-31806-2
https://doi.org/10.1016/J.RSER.2017.05.156
https://doi.org/10.1016/J.RSER.2017.05.156
https://doi.org/10.2514/1.C032154
https://doi.org/10.2514/1.C032154
https://doi.org/10.1038/s41560-022-01114-6
https://doi.org/10.1038/s41560-022-01114-6
https://doi.org/10.1016/J.IJHYDENE.2023.02.086
https://doi.org/10.1016/J.IJHYDENE.2023.02.086
https://doi.org/10.1016/J.MATDES.2022.110994
https://doi.org/10.1016/J.MATDES.2022.110994
https://doi.org/10.1016/j.ngib.2022.04.006
https://doi.org/10.1016/j.ngib.2022.04.006

A d.
Figure A1. GCAM’s representation of the industrial sector.
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Figure A2. The GCAM’s representation of the transportation sector.
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