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Toreachnet-zero greenhouse gas targets, carbon dioxide removal (CDR)
technologies are required to compensate for residual emissions in the
hard-to-abate sectors. However, dependencies on CDR technologies
involve environmental, technical and social risks, particularly related to

increased land requirements for afforestation and bioenergy crops. Here,
using scenarios consistent with the 1.5 °C target, we show that demand and
technological interventions can substantially lower emission levels in four
hard-to-abate sectors (industry, agriculture, buildings and transport) and

reduce reliance on the use of bioenergy with carbon capture and storage.
Specifically, demand measures and technology-oriented measures could limit
peak annual bioenergy with carbon capture and storage use to 0.5-2.2 GtCO,e
per year and1.9-7.0 GtCO,e per year, respectively, compared with10.3 GtCO,e
peryearinthe default 1.5 °C scenario. Dietary change plays a critical role in the
demand measures givenits large share in residual agricultural emissions.

With the adoption of the Paris Agreement, 196 parties agreed to
hold the increase in global average temperature to well below 2 °C
above pre-industrial levels and pursue efforts to limit the tempera-
ture increase to 1.5 °C (ref. 1). To accomplish this, CO, emissions
need to reach net zero (that is, a balance between anthropogenic
emission sources and sinks) around 2050 (5th to 95th percentile
range from 2035 to 2070), while net-zero greenhouse gas (GHG)
emissions is reached about 10 years later in most scenarios®. Over
the past few years, 151 countries, 265 cities with a population of half
amillion or more and more than 1,000 of the 2,000 largest compa-
nies in the world have set net-zero emission targets®. These targets
often encompass all GHGs but sometimes focus on only CO,. The
emergence of net-zero targets has led to a growing debate on how
to attain net-zero targets* ® and on concerns about dependencies
on carbon dioxide removal (CDR) technologies®. Here, consistent

with most net-zero formulations, we focus on achieving net-zero
GHG emissions.

Rather than aiming for complete decarbonizationin each sector
individually, scenario studies show that achieving net-zero emissions
is more easily achieved by maintaining a level of residual emissions in
somesectors, balanced by sinksin other sectors’. In fact, the scenarios
assessed by the IPCC in AR6 that reach net-zero CO, do so by allow-
ing, on average, 11 GtCO, residual emissions annually, compensated
through CDR measures elsewhere. Only 5% of the scenarios report
residual emissions of less than 5 GtCO,, equal to more than 10% of
current CO, emissions, in the net-zero year®.

Residual GHG emissions largely consist of CO, emissions from
energy-intensive industries (consisting mainly of the steel, cement
and chemicalindustries), international transport (mainly air and ship-
ping) and non-CO, emissions from agriculture (mainly from livestock,
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Fig.1|Projected global GHG emissions in the Reference 1.5 °Cscenario (left)
andreductions by sector in2060 relative to 2020 (right). The reference
scenario keeps global temperature below 1.5 °C with more than 67% probability
by the end of the century. Emissions in 2060 are compared with the mean of the
IPCC assessed scenarios in the category Cland C2. The Cland C2 category refers
toall scenarios (n =230) that limit warming to 1.5 °C (>50%) with no or limited
overshoot (C1) and with overshoot (C2). The black dot indicates the median and

Reduction GHG relative to 2020 (%)

theerror bar the 25-75th percentile range (from —2.27 GtCO,e t0 15.12 GtCO,e).
Non-CO, emissions are grouped in one category in the IPCC scenarios, while
IMAGE allocates non-CO, emissions per sector. Industry includes cement process
emissions and emissions from coke production and represents heavy industry
and other industrial sectors. Transport includes international shipping and
aviation and other transport sectors. Land use refers to land use, land-use change
and forestry (LULUCF).

crop fertilization and paddy rice cultivation)’. Technical limitationsin
bringing emissions to zero, combined with more complex value chains,
spatialand conditional specificities, long capital or in-use lifetimes and
lack of societal support, makes transformations in these sectors more
challenging thaninahomogeneous sector such as the power sector®°.
In the buildings sector, achieving net-zero emissions can be difficult
aswell, due tothe granularity of the sector with many actorsinvolved,
site-specific conditions and the slow capital turnover' >, We therefore
refer to these sectors as hard-to-abate (HtA) sectors.

The most important CDR measures applied in scenarios to com-
pensate for these residual emissions are bioenergy with carbon capture
and storage (BECCS), afforestation and reforestation, and in some
scenarios, direct air carbon capture and storage. All of these measures
involve environmental, social and economic risks. For example, bioen-
ergy crops and afforestation require large amounts of land, with possi-
bleimpacts onfood security, water availability and biodiversity, which
raises questions around feasibility and sustainability of their large-scale
application'*’, Moreover, it is difficult to make sure that forests con-
tinue to remain in the future, leading to a risk of non-permanence?.
Direct air carbon capture and storage requires almost no land, but is
still very costly and requires large amounts of energy®. Particularly
uncertainis the geological storage capacity and logistics required for
large-scale application of carbon capture and storage (CCS)*.

Owingtothe challenges of large-scale CDR and especially BECCS,
limiting the reliance on BECCS could enhance the feasibility of achiev-
ing net-zero emissions. This requires reducing emissions in the HtA
sectors further than usually assumed in default net-zero scenarios.
However, only a limited number of scenarios target residual emis-
sionsinthe HtA sectors?. Inthis Article, we explore and assess demand
and technological options for limiting residual emissions in the HtA
sectors. We do so by first discussing the barriers to fully reduce emis-
sions in the HtA sectors and the possible additional demand- and
technology-oriented measures and policies that could help overcome
these. Thisis done based onacomprehensive literature review (Supple-
mentary Information). We then develop a set of new scenarios for the
IMAGE integrated assessment framework (Methods) thatinclude addi-
tional policies to support cost-effective measures to reduce emissions

in the HtA sectors®. IMAGE is particularly suited for this analysis due
to its relatively detailed representation of the HtA sectors, allowing
to evaluate targeted measures and their impact on energy and land
interactions, thereby capturing CDR implications. While previous
studies have acknowledged the connection between HtA sectors and
theirimpact on BECCS usage®'**, this study dives deeper into assess-
ing the feasibility of restricting BECCS by specifically targeting these
challenging sectors.

Results

First, the results of the ‘Reference 1.5 °C’ scenario are discussed, fol-
lowed by ashortdiscussion of potential additional measures for reduc-
ingemissionsin HtA sectors, and then theimpact of these measures on
emissionsin HtA sectorsand onthereducedreliance on CDR measures
are presented and discussed.

Reference scenario
The four HtA sectors (that is, heavy industry, international transport,
agriculture and buildings) face both common and specific challenges
in terms of climate change mitigation. Common challenges include
relatively fast service growth, limited availability of readily available
technological emission reduction measures and lack of public support.
Theindustry andinternational transport sector face additional specific
hurdles, such as the international competitive markets, large upfront
costsand the longlifetime of infrastructure. Specific challengesin the
buildings and agriculture sector include a wide diversity of actors and
limited financial means combined with site-specific conditions® . In
the agriculture sector, limited availability of reduction measuresis a
very important challenge.

Dueto these challenges, the pace of emission reductions in most
1.5 °C scenarios is relatively slow in these sectors and the extent to
which emissions are reduced is limited compared with the reductions
in electricity generation, transport on land and land use. This is illus-
trated by Fig. 1, left, showing atypical 1.5 °Cscenario (Reference 1.5 °C)
of theintegrated assessment model IMAGE™. The scenario isbased on
the IMAGE implementation of the Shared Socioeconomic Pathway 2
(SSP2), describing a future world following current socioeconomic
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Table 1| General interventions in the Demand 1.5 °C and Technology 1.5 °C scenarios

Transport

Buildings

Industry

Agriculture

Demand1.5°C

Increased teleworking and alternative
tourism.

Airline ticket tax.

Less money spend on travelling.
Faster saturation of freight demand

in relation to growth of industry value
added. Transition from short-distance
aviation to high-speed rail.

Reduction in cooling and heating.
Avoid excess ownership of household
appliances.

Less energy waste from appliances
and lighting.

Reduction in hot water demand.
Reduced floorspace.

Increase in household occupancy
rate.

Steel, paper and pulp, cement,
non-energy and other industry
reduce material demand according
to the LED scenario in the IRP

RECC report, leading to an average
43.5% (ref. 42) decrease in material
demand by 2060 compared with
2016. After this period, standard
default assumptions on material
demand development are applied.

Transition towards healthy diets (including
reduction of meat and dairy products)®.
Transition implemented by 80% by 2050
and 100% by 2100.

Reduction in food waste at farm,
processing, retail and household levels by
40% by 2050 and 50% by 2100 (ref. 42).

Technology 1.5°C

More fuel-efficient aircraft on the
market.

Lightweight and retrofitted
aeroplanes.

Drop in bio-jet fuel can replace
kerosene in existing aircraft. Electric
aircraft for short-distance aviation.
Hydrogen-fuelled aircraft for short-
and medium-distance aviation.
Faster market turnover.

No fossil fuels in space heating after
2050 and promote use of heat pumps.
Accelerate transition away from
traditional biomass in urban and rural
households.

Promoting refurbishment of heating
technologies and appliances with
newer/more efficient versions.
Increase credit to households for
adoption of efficient yet expensive
technologies, including building
envelope renovation. Increase
efficiency of cooking, cooling and

Steel: no new investments into
least efficient blast furnace steel
plants from 2025 onwards. Only
investments in electric arc furnace,
hydrogen-reduced iron (from 2030
onwards) and electrowinning
(from 2050 onwards).

Cement: foreclosure of least
efficient technologies from 2025
onwards. Incentive-stimulating
electricity use.

Paper and pulp: incentive for the
use of biomass, electricity and

Strong reduction in meat consumption
due to a replacement by artificial meat**:
implemented as a 60% substitution by
2050 and an 80% substitution by 2100.
Note that implications on energy use are
not considered.

Higher non-CO, reduction potential:
optimistic assumptions based on ref. 45,
which include more speculative
mitigation options in agriculture.
Seaweed Asparagopsis taxiformis as
afeed supplement to reduce enteric
fermentation methane from ruminants and

heating technologies (for example,
the use of air coolers and heat
pumps). Use net metering, promoting
the use of residential photovoltaics.
Increased use of architectural designs
that have lower heating demand and
require less floorspace.

biochar to reduce nitrous oxide emissions
from fertilizer.

hydrogen. For fuel types having a
combined heat and power option
available, only the combined heat
and power option is active from
2025 onwards.

Incentive stimulating electricity,
biomass and hydrogen use.

trends, while, through the introduction of a uniform global carbon
price, aradiative forcing target of 1.9 W m~is met.

Emissions from transport initially increase, but after 2035 they are
below 2020 levels again, reaching 86% reduction by 2060 relative to
2020 (Fig.1, right). Theindustry sector and the buildings sector reach,
respectively, 90% and 78% reduction by 2060. The agricultural sector
shows aslowdecline, witha7%reductionby 2060. Note, however, that
without climate policy, emissions from this sector rapidly increase,
so a slow decline of emissions relative to 2020 implies a substantial
decrease compared with business as usual. BECCS and afforestation,
shown by the negative energy supply, industry and land-use emissions,
isstrongly applied to meet net-zero GHG emissions. Compared with the
leading set of scenarios published in the IPCC 6th assessment report,
the Reference 1.5 °C scenario shows a deeper reduction of emissions
in 2060. This is mainly due to the fact that the IPCC set includes all
scenarios that have more than 50% chance of reaching 1.5 °C, while the
Reference 1.5 °C scenario provides a more than 67% chance. Further-
more, theIMAGE scenario ismore recentand includes latest emission
and technological trends, resulting in higher reduction potential in
transport and industry.

Additional mitigation measures

Severalmeasures and policies are proposed in the literature to address
the challenges that the HtA sectors face. These include promoting
(1) the development of sustainable fuels, (2) electrification and
efficiency-improving techniques and (3) procedural advancements
regarding operations, circularity and waste®. In agriculture, buildings
and transport, effective demand-oriented measures include promot-
ing lifestyle changes such as diet shifts***, There is a wide range of
policy instruments to promote both demand- and technology-oriented
measures. The IPCC categorizes these into economic, regulatory and
other instruments*®. Examples of economic instruments that can be
appliedtoreduce HtA emissionsinclude subsidies and taxation, which

cantarget either the end product for consumers (for example, taxing
airline tickets) or earlier in the supply chain for producers (for example,
subsidizing sustainable transport fuel or research and development
ortaxing process emissions). Regulatory instrumentsinclude energy
efficiency standards, vehicle emission standards and renewable port-
foliostandards. Otherinstruments that are relevant for HtA sectors can
consist of providing information or necessary infrastructure, voluntary
agreements and technology transfer. In Supplementary Information,
theliterature review findings are presented, which includes an overview
of the challenges to mitigate emissions in each HtA sector, potential
measures and specific policy instruments to overcome these challenges
(also see Extended Data Tables 1-5).

To assess the impacts of changes in demand and technology on
emissions of HtA sectors, two new scenarios are constructed, focussing
on additional, ambitious measures targeted either towards demand
(‘Demand 1.5 °C’) or technology (‘Technology 1.5 °C’). In addition,
we analyse in a third scenario, the combined impact of both sets of
measures (‘Combined 1.5 °C’). These scenarios are developed under
SSP1, SSP2 and SSP3 socioeconomic assumptions. Supplementary
Information presents how the outcome of the literature review has
beentranslated to the scenarioimplementationinthe modelling frame-
work. Demand-side measures refer to the consumption of services
and technology measures to the provision of services, which relate
to innovation, operation and technology diffusion. The additional
emission reductions allows restricting the use of BECCS, while still
reaching the set 1.5 °C target. Table 1 presents an overview of the set
of HtA measures applied in the Demand 1.5 °C and Technology 1.5 °C
scenarios per sector. Some measures are implemented at the level of
policyintervention and some areimplemented as changesin demand
ortechnology, depending on the policy type (thatis, economicincen-
tives areimplemented as such, whileregulatory and other instruments
are implemented as direct changes in demand or technologies; also
see Discussion). The Combined 1.5 °C scenario combines both set of
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Fig.2| GHG emissions from the HtA sectors. For the Reference 1.5 °C scenario,
only SSP2is shown. For an equal comparison across the scenarios, the same
carbon price trajectory is applied across all scenarios as in the SSP2 Reference
1.5°C. Therefore, the SSP1and SSP3 reference scenarios leads to different forcing

targets. In the SSP3 scenarios, 1.9 W m2by 2100 is not met, reaching 2.07 W m™
(Technology1.5°C), 2.23 W m™ (Demand 1.5 °C) and 2.33 W m 2 (Combined
1.5°C). Full details on forcing levelsin 2100 are given in Supplementary Table 17.

measures, choosing the most effective measure when they overlap.
Inthe agriculture sector, the diet change and replacement of meat by
artificial meat overlap; therefore, the combined scenario only takes
the diet change into account. The same measures are applied for the
different SSPs.

Impact of additional measures on emissions

The measures implemented under the Demand 1.5 °C, Technology
1.5°Cand Combined1.5 °C scenarios reduce global residual emissions
fromthe HtA sectors tobetween 5.6 and 7.1 GtCO,e by 2060 inan SSP2
world (withranges of 4.7-5.6 GtCO,e in SSP1and 5.8-7.8 GtCO,e in SSP3;
Fig.2), compared with 8.3 GtCO,e in the Reference 1.5 °C.

The assumed stringent industrial measures can effectively reduce
emissions in both the Technology 1.5 °C and Demand 1.5 °C scenar-
ios. The Technology 1.5 °C scenario enforces immediate adoption of
zero-carbon technologies via (in)direct electrification in theindustrial
sectors (forexample, hydrogen-direct reducedironin the steel sector),
taking away leeway for transition technologies (CCS) to come on the
market (Technology 1.5 °C). Substantially lowering demand reduces
emissions in sectors with a lower transformational range (such as in
clinker production) or gives space for a more diverse technological
portfolio (for example, in iron reduction). In the clinker production
sector, biofuel and CCS are used to compensate for remaining residual
emissions®?, In both the Technology 1.5 °C and the Demand 1.5 °C
scenarios, residual positive industrial emissions are lowered (between
16-40% for Technology and 33-50% for Demand in 2060) (Fig. 3 for
SSP2 and Extended Data Figs.1and 2 for SSP1and SSP3).

In the aviation, shipping and agricultural sectors, the largest
changes can be seen in the scenarios where the demand measures
are applied (Fig. 3). Measures such as an airline ticket tax and the
shift to high-speed train and local tourism reduce both short- and

long-distance air travel, reducing transport emissions by 43-64% in
2060, depending on the SSP scenario. In the Technology 1.5 °C sce-
nario, increased development and availability of fuel and technology
alternatives lead to a faster reduction in emissions but not in higher
reductions by 2060.

Intheagricultural sector, the switch to healthy diets for 80% of the
global populationand a40%reductioninfood waste resultsin strongly
reduced non-CO, emissionsandinastrongindirect effect onland-use
change as abandoned agricultural land is used for afforestation. The
latter dominates the impact on emissions. A similar, but smaller, effect
occursinthe Technology1.5 °C scenario, where meat is partly replaced
by artificial meat and novel techniques substantially reduce non-CO,
agriculturalgreenhouse emissions (for example, fromrice cultivation),
resulting in less agricultural land required for food production. Still,
agricultural emissions constitute the majority of remaining emis-
sions, with 4.7 (3.8 for SSP1 and 4.8 for SSP3) and 5.4 GtCO,e (4.4 for
SSP1and 5.9 for SSP3) remaining in, respectively, the Demand 1.5 °C
and Technology 1.5 °C scenarios in 2060, compared with 6.0 GtCO,e
in the Reference 1.5 °C.

The impact of the Combined 1.5 °C scenario is much lower than
the sum of the impact of the Demand 1.5 °C and Technology 1.5 °C
scenarios due to system changes. For instance, in the residential sec-
tor, the Technology 1.5 °C scenario leads to massive improvementsin
energy use efficiency due to electrification and using efficient tech-
nologies suchas heat pumps. Inthe Demand 1.5 °C scenario, reduced
demand for (relatively inefficient) energy services leads to asizeable
decrease. In the Combined 1.5 °C scenario, since you have massive
improvementsin efficiency, reducing demand has alowerimpact. For
agriculture, diet change and replacement of meat by artificial meat
largely overlap and therefore hardly any additional reductions are
seen. For aviation and shipping, the technology measures only had a
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Fig. 3| GHG emission reductions over time by sector for the SSP2-based scenarios. Agricultural emissions exclude land use. Extended Data Figs. 1and 2 show the

SSP1and SSP3results.

marginalimpact on emissions and therefore combining aviationand
shipping measures do not lead to additional reduction compared with
the Demand 1.5 °C scenario.

Impact of the additional measures on BECCS
The mitigation optionsimplemented in HtA sectors unlock additional
potentialinthe Demand 1.5 °C, Technology 1.5 °Cand Combined 1.5 °C
scenarios and thereby help toachieve the1.5 °Ctarget with less reliance
on BECCS. The additional emission reductions achieved in the HtA
sectors, both directly andindirectly vialand-use change, is translated
toarestrictiononannual BECCS use. Note that BECCS is not limited in
the SSP3 scenarios giventhat the 1.5 °Ctargetis not reached even with
the additional measures.

In the net-zero year, BECCS is reduced strongly (by 20%, 74% and
94% under SSP3, SSP2 and SSP1, respectively; Fig. 4) in the Demand
1.5°C scenario, as lower meat demand allows considerable forest
expansion on land previously used for feed and pasture. BECCS use is
only marginally reducedin the Technology 1.5 °C scenario under SSP2
(by 8%) because of (1) afaster assumed transition towards healthy diets
in the Demand 1.5 °C scenario compared with the transition towards
artificial meat in the Technology 1.5 °C scenario (Supplementary
Tables 18 and 23) and (2) a stronger focus on bioenergy (for example,
biofuels for aviation) in the Technology 1.5 °Cscenario (Fig. 5). Owing to
thelatter, thereis lessland available for reforestation and CO, removal
from land use is therefore limited. Under SSP1 assumptions, BECCS

canbelimited strongly in the Technology 1.5 °C scenario as well, as the
lower population growth rate and dietary shifts frees up lots of land,
which canbe used for reforestation.

The maximum annual use of BECCS also differs strongly between
thescenarios. Inthe Reference 1.5 °C scenario, annual BECCS use peaks
during the 2070s at about 10 GtCO,e (Fig. 5). BECCS can be limited
strongly to 2.2 GtCO,e yr in the Demand 1.5 °C scenario (0.5 in SSP1;
Extended Data Fig. 4), but also quite considerably in the Technology
1.5°Cscenario (7.0 GtCO,e yr'inSSP2and 1.9 GtCO,e yr™in SSP1). The
impact of the additional measures in the Technology 1.5 °C scenario
on BECCS use is the strongest in the last decades of the century when
more speculative non-CO, mitigation options and artificial meat really
begin to have a strong impact. This is reflected in cumulative BECCS
use, which is 22% lower in the Technology 1.5 °C scenario than in the
Reference 1.5 °C scenario (Extended Data Fig. 3).

Discussion

Transforming the economy towards global net-zero emissionsis very
challenging. Inour simplified representation, we have limited the chal-
lenge via physical adjustments to our production and consumption
system, in terms of technological or social change, without describing
the administrative, financial, infrastructural, spatial and organizational
needs towards suchachange. As also argued earlier”>*, there are certain
limitations to the extent by which global integrated assessment models
can represent transformative change®. For example, in the scenario
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the sustainable level of 60 EJ yr™, as identified by Fuss et al.*, based on ecological
and biophysical concerns. However, total bioenergy use exceeds 60 EJ yr asiit
includes residue use, which does not require additional land***.

framework as presented in this study, we assume that additional
demand-side measures, while considering a transition period, are fully
effective. While thisillustrates atheoretical potential of demand-side
measures, our implementation does not account for social dynamics
and individual preferences*’. A lack of a solid evidence base for coun-
terfactual developments complicates athoroughrepresentationbut,
aswe present here, still allows for drawing robust lessons on the critical
relationship between HtA sectors and CDR. Compared with the IPCC
scenario set, the IMAGE Reference 1.5 °C shows substantial reductionsin
HtAsectors. This suggest that the potential for reducing HtA emissions
relative to other reference scenarios might be even larger.

This study demonstrates that, while the HtA sectors face impor-
tant challenges, they canattain lower emission levels, sometimes near
zero in the case of buildings and industry, by implementing drastic
demand and technological interventions. This has considerable con-
sequences for the peak annual use of BECCS, especially in scenarios
with additional demand-oriented measures where peak use is limited
to 0.5-2.2 GtCO,e yr™* (depending on the socioeconomic pathway)
compared with about 10 GtCO,e yr'in the Reference 1.5 °C scenario.

In the pathway with additional technology-oriented measures, peak
annual BECCS useislimited to 1.9-7.0 GtCO,e. Our scenarios show that
demand-side measures may increase the technical feasibility of achiev-
ing the 1.5 °C climate target and limit adverse side effects of climate
change mitigation policies. Agriculture playsa critical role, asnon-CO,
GHGs in this sector remain substantial, despite sizeable reductions of
1-2 GtCO,e in the net-zero year compared with the Reference 1.5 °C
scenario. Moreover, the reduced agricultural land used for grazing
and feed as a result of the additional agricultural measures results in
more afforestation potential, strongly reducing the need for BECCS.
While CDR is still considered crucial to achieve a net-zero econ-
omy, the extent and timing of CDR strongly depends on the repre-
sentation of alternative solution options, as also argued by Wilson
et al.”’. However, none of the measures proposed in this study will be
easy toimplement as they all come with specific challenges and costs.
However, the same can be argued for the measures in the Reference
1.5°C scenario, for which, generally, cost effectiveness determines
the implementation of mitigation measures. While cost effectiveness
is one aspect of feasibility, it is definitely not the only one. The IPCC
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indicates that mitigation measures that are designed and conducted
inthe context of sustainable development and equity and rooted in the
development aspirations will be more acceptable®. Itis questionable
whether a pathway that relies so strongly on CDR fulfils these criteria.
This study provides alternative pathways to cost-effectiveness ones
(Reference 1.5 °C) and while these might be less cost effective, they
might not to be less feasible to achieve. However, inany case, the chal-
lenge of achieving net-zero emissions within afew decadesis enormous
and will require difficult and sometimes costly measures.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-02025-y.
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Methods

Literature study

The first step undertaken in this study was to assess, through a litera-
ture review, the characteristics of each HtA sector and the difficulties
to achieve net-zero targets in these sectors. The second part of the
review focused onthe possible policies and measures to address these
obstacles in each sector. The review served two purposes. It presents
the state-of-the-art knowledge on the characteristics of the sectors
relevant for climate change mitigation and possible future develop-
ments that could impact their mitigation potential. In addition, it
provides the grounding of to the model analysis, by using the identified
policies and measures in developing the scenarios. In the scenarios,
the sectoral measures are represented, while results of the literature
review presented in Supplementary Information provide an overview
ofthe barriers toimplement these measures and the possible policies
to overcome them.

Sectoral analysis
IMAGE modelling framework. To understand the role of the devel-
opment in HtA sectors in trying to limit global warming to 1.5 °C, the
process-oriented integrated assessment model IMAGE model was
used”. IMAGE is in particularly suitable given that the model describes,
in detail, the development of all four HtA sectors considered in this
study, allowing representation of specific mitigation measuresin HtA
sectors. The key components of the human system that largely con-
tribute to GHG emissions are the energy system and the agricultural
andland systems. The energy and industry system are represented by
The Image Energy Regional Model (TIMER) model*® and agricultural
demand, production and trade by the Modular Applied GeNeral Equi-
librium Tool (MAGNET) model*®*°. The main drivers for the human
system are demographic, economic and technological developments,
as well as resource availability, lifestyle changes and policy. For the
earth system, the modelling framework is used to describe land cover,
crop growth, carbon and water cycles and climate, making also use of
theinternally coupled Lund-Potsdam-Jena model (LPJmL) model (car-
bon, crops, vegetation and water) and the Model for the Assessment of
Greenhouse Gas Induced Climate Change (MAGICC) climate model** .
IMAGE is characterized by relatively detailed biophysical and
land-based processes, awide range of environmental and sustainabil-
ity indicators and a detailed geographical scope. The socioeconomic
processes and most of the human system parameters are described at
the level of 26 world regions, while the earth system is modelled on a
5x 5min grid for land use and land-use changes and on a 30 x 30 min
grid for plantgrowth and the carbon and water cycles. For both IMAGE
and LPJmL, a geographic (or equirectangular) projection is applied,
which is common for global raster datasets and earth system mod-
els. IMAGE operates in annual time steps and, as such, is suitable for
long-term climate mitigation assessments up to 2100. The costs asso-
ciated with the various components are tracked and relative costs of
competing technologies and supply chains determine market share.
Moreover, the modelis particularly good inrepresenting the physical
world, including resource availability, energy and land flows and inter-
actions, geological storage capacity, bioenergy production and trade
of commodities across the global regions considered. This is critical
tounderstand the implications of the changes in the HtA sectors to the
rest of the system and in particular the use of CDR technologies. On
the basis of historical trends, the demand for travel, housing, specific
materials and agricultural products related to the HtA sectors are
described and related to regional economic and price developments,
cultural factors and demographic development. These services can
beprovided or produced invarious ways; forinstance, travel demand
can be fulfilled by different transport modes and technologies. This
dependsonresource availability, technology development, operation
and availability, historical preferences and climate policy,among oth-
ers. Passenger transport modesinclude buses, bicycles, motorcycles,

walking, trains, cars, high-speed trains and aeroplanes, and the distribu-
tionacross the different modes depend on cultural preferences, mode
speed and income levels as well as on costs. If, for example, air travel
would become more expensive due to the implementation of air pas-
senger tax, or conversely would become cheaper due to technological
developments, the kilometres travelled by air may decrease orincrease,
respectively. Increased costs to travel by a certain transport mode
can also lead to a shift towards a different cheaper mode. Each mode
considers different vehicles types with varying levels of efficiency, cost
and fuel types. This also accounts for the freight modes, whichinclude
trains, medium and heavy trucks, national and international ships and
aeroplanes. The vehicle data for the aviation and shipping mode can
be found in Supplementary Information.

The energy consumption in buildings follows the demand for
cooking appliances, space heating and cooling, water heating and
lighting. The model distinguishes between urban and rural housing
and fiveincome groups. The potential for insulation of houses depends
on the construction cycles and housing stock dynamics®’. Demand
for agricultural products is determined by food demand, driven by
increases in population and income. Among others, the model takes
intoaccount that, withincreasingincome, people are able toconsume
more expensive food types with more negative environmental foot-
prints, such as meat. To fulfil demand, agricultural land use can be
expanded orintensified, leading to the conversion of naturalland, more
water and fertilizer use, and increasing non-CO, emissions. Measures to
reduce emissionsinclude the protection of natural land, afforestation,
technological measures to reduce non-CO, emissions or preference
shiftsinfood consumption towards fewer animal-based products that
haveless environmentalimpact. Inrepresenting the industrial sectors,
the IMAGE model distinguishes between five specific (basic) mate-
rial industries that come with high energy and carbon intensity and
aggregates other processing industries. The five distinct basicindustry
sectors are the iron and steel, clinker and cement, paper and pulp,
food processing and (petro)chemical feedstock sector (also known
as ‘non-energy’), with the remainder categorized to ‘other’ industry
(including non-ferrous metals, construction, machinery, transport
equipment, mining and quarrying, wood and wood products, textile
and leather and non-specified industry as identified by International
Energy Agency World Energy Balances). Ingeneral, future consumption
is deducted and extrapolated from statistical relationships between
nationalincome levels and reported historical national consumption.
Energy consumptionis specified through historical energy consump-
tionlevelsasreportedinthe IEAWorld Energy Balances, specific energy
consumption for production routes and technology developments
over time with an implemented merit order based on cost factors
(Supplementary Table 5)*. Total (in)direct carbon emissions are a
result from this energy demand and specific accounted for process
emissionsif applicable.

Sector analysis through scenario framework. To analyse what the effect
could be of the additional measures identified in the literature review
on the emissions originating from HtA sectors, a set of scenarios are
developed and compared. This includes a reference scenario climate
policy represented by a carbon tax and a set of scenarios in which,
besidesthe carbon price, specific measures directed towards the HtA
sectorsareimplemented. The developed scenarios build on the litera-
turereview described in Supplementary Information. Full details of the
scenarioassumptions canalsobe foundinSupplementary Information.

Demand scenario. Under the Demand scenario, the demand for ser-
vices is reduced compared with under the Reference scenario. The
HtA sectors are characterized by substantial growth in demand, if
current trends continue, which is closely linked to economic growth
and personal welfare, making it more difficult to mitigate emissions.
The measures that are part of the demand scenario are acombination
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of incremental changes and structural changes. Incremental changes
are defined as those that do not require fundamental changes in how
sectors operate but do push themto their limits within current opera-
tion modes (non-structural), while the structural change require fun-
damental adjustments their operating methods, resultingin astrong
reductionin demand. In the buildings sector, the demand for energy
isreduced by lowering the thermostat setting, taking shorter showers
and using occupancy sensors to minimize energy waste. Co-living will
become common practice, increasing occupancy rates and reduced
appliance ownership and floorspace used per capita. Over the course
of the century, a full transition to alow-meat, healthy diet is expected to
take place for 80% of the population, which willimpact the agricultural
sector. The proposed diet accounts for different diets in the Global
South, especially in countries where malnourishment is prevalent.
In those countries, the healthy diet in fact implies an increase in total
caloric intake as well as an increase in consumption of animal-based
products up to a healthy level.

High cost penalties on non-CO, mitigation measures that result
in higher food prices are removed, which prioritizes implementation
of low-cost non-CO, mitigation measures. In addition, food waste
throughout the supply chainis substantially reduced. Inthe transport
sector, there is a lower increase in transportation expenditure with
increased income, leading to less transport growth in high-income
countries. Furthermore, a global taxation on airline tickets is also
implemented. Demand for aviation transport will decrease due to
increases in teleworking and local rather than international tourism.
Short-distance flights are replaced by high-speed rail inregions where
suchinfrastructureis eitheravailable, under construction or planned.
Intheindustrial sector, material demand decreases at the samerate as
projected under the Low Energy Demand (LED) scenario, presented
in the Resource Efficiency and Climate Change (RECC) report by the
International Resource Panel (IRP)*2. The LED scenario leads to a43.5%
reductionin material use by 2060 compared with 2016 levels, whichis
appliedinthe Demand scenario from 2023 onwards and can be consid-
ered arather extreme reduction in the demand for material.

Technologyscenario.Under the Technology scenario, fast diffusion of
innovative low-carbon technologies takes place, assuming an optimis-
ticoutlook ontechnology development and adoption (non-structural)
and technological changes require fundamental changes in the current
mode of operation (structural). In buildings, fossil fuel space heating
will be completely phased out after 2050, with increased use of heat
pumps and faster technology turnovers. Increased access to loans
and low interest rates, amplifying households credit, allows a higher
adoption rate of efficient yet expensive technologies, including the
renovation of building envelopes. New architectural designs lead to
alower demand for heating and promote alternative residential para-
digms, resulting in more efficient use of space and facilities. Traditional
biomass is being phased out for cooking for both urban and rural
households. The aviation sector sees a faster development and adop-
tion of efficient aircrafts. The aviation fuel infrastructureis adjusted so
that bio-jet fuel can easily be blended with fossil fuels. Moreover, the
state of the art in operational efficiency is implemented worldwide.
Electricaircraft are available for short-distance travel and hydrogen or
e-fuelled aircraft are used for short-to-medium distances. The transi-
tion towards these alternative propulsion techniques is accelerated
due to the early retirement of traditionally fuelled equipment. In the
agricultural sector, artificial meat becomes the dominant market
player, resultingin a 60% reduction of meat consumption by 2050 and
80% by the end of the century, decreasing the demand for livestock.
It is assumed that the feedstock of artificial meat is maize, which has
a42% caloric conversion efficiency**. Moreover, the maximum reduc-
tion potential for agricultural CH,and N,O sourcesisincreased. Thisis
most impactful for enteric fermentation, where there is awidespread
use of novel techniques, such as the seaweed Asparagopsis taxiformis

as a feed additive. For industry, the technology parameters for iron,
steel and clinker production have been adjusted to align with the lat-
est insights in literature, resulting in less optimistic assumptions for
CO, capture rates in blast furnace/basic oxygen furnace integrated
steel mills and the availability of a monoethanolamine-based carbon
sequestration option for lime kilns in the clinker production sector.
Clinker ratios are now also responsive to high carbon tax values (but
cannot drop below 65% clinker in cement mixes), implying animplicit
shift to low-carbon alternative cementitious material use other than
reported in Kermeli et al.>*. Additionally, for the Technology scenario,
onlyelectricarcfurnace, hydrogen steel making and electrowinning are
available, resulting in rapid phase-out of fossil fuels. Also, for cement
and paper and pulp, electrificationis highly stimulated. In addition, for
paper and pulp, only non-fossil energy inputs are available.

Achieving 1.5 °C. To better understand how the additional policies and
measures in the HtA sectors affect economy-wide 1.5 °C mitigation
strategies, two different strategies (Demand and Technology) are ana-
lysed, with sets of measures to reduce GHG emissions originating from
the HtA sectors. In addition, a third strategy is analysed where both
set of measures are combined (Combined). Specifically, the goal is to
understand whether, with these additional measures, global warming
can belimited to 1.5 °C while keeping BECCS and afforestation at sus-
tainablelevels. For this set of scenarios, aglobal emission pathway that
limits global warming to 1.5 °Cis determined by minimizing cumulative
discounted mitigation costs and, as such, following a cost-effective
carbon price pathway.

The analysis focuses on four core scenarios:

« Reference 1.5 °C: this scenario reaches a radiative forcing of
1.9 Wm2by 2100 (corresponding to a1.5 °C temperature
target), using default SSP2 assumptions and by implementing
auniform carbon price. This carbon price trajectory reaches
USD1,000 per tonne of carbon by 2035 and about USD1,700 per
tonne of carbon by 2050.

« Demand1.5°C: this scenario uses the same carbon price trajec-
tory as Reference 1.5 °C and additional measures in the HtA
sectors following the Demand scenario assumptions described
above and detailed in Supplementary Information. The use of
BECCS is restricted (see below) based on the additional mitiga-
tion potential generated by the HtA measures.

» Technology 1.5 °C: this scenario uses the same carbon price
trajectory as Reference 1.5 °C and additional measures in the
HtA sectors according to the Technology scenario assumptions
described above and detailed in Supplementary Information.
The use of BECCS is restricted (see below) based on the addi-
tional mitigation potential generated by the HtA measures.

« Combined 1.5 °C: this scenario uses the same carbon price
trajectory as Reference 1.5 °C and additional measures in the HtA
sectors of both the Demand and Technology scenario assump-
tions. The use of BECCS is restricted (see below) based on the
additional mitigation potential generated by the HtA measures.

Inthis paper, the Reference 1.5 °C scenario is based on the IMAGE
middle-of-the-road SSP2 scenario. The most recent IMAGE SSP sce-
narios follow the SSP narratives and include the impacts of the coro-
navirus disease 2019 pandemic*®. The framework of SSPs comprises
five storylines for long-term global development, correlating with
various challenges with respect to mitigation and/or adaptation within
the context of climate change. The SSP1scenario describes a pathway
of sustainable development, with high economic growth, low popula-
tion growth and high technological development. The SSP2 scenario
is amiddle-of-the-road pathway, with intermediate challenges. The
SSP3 scenario depicts a fragmented world, with large challenges for
economic growth and technology development. To understand the
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robustness of the scenario analysis, the three scenarios with varying
measures to specifically target the HtA sector are also analysed within
anSSP1and anSSP3 world. For consistency, in these scenarios, the same
carbon tax as in Reference 1.5 °C s used.

BECCS. The additional mitigation potential as aresult of the HtA meas-
uresis applied to limit the use of BECCS while still complying with the
1.5°C target. The scenario details are displayed in Supplementary
Table 16. The table shows that in the SSP3-based scenarios, the HtA
measures allow to come closer but do not reach the set climate target.
Asaresult, nolimiton BECCS has been set for the SSP3-based scenarios.
Forthe other scenarios the limit hasbeen set at ayearly permitted use,
which in particular relieves the pressure on the land requirements to
grow biomass. In all scenarios, the deployment of bioenergy from
energy crops remained below 60 EJ yr!, which is considered a maxi-
mum levels of what can be sustainably harvested*. Note that beyond
the use of bioenergy crops, residue bioenergy use from agricultural
crops (stalks, branches, leaves, straw, waste from pruning and so on),
forestry residues and municipal solid waste is also used in the scenarios.

Data availability

Data used to set up model simulations and major results datais avail-
able uponrequest. Figure source data are provided through figshare
(https://doi.org/10.6084/m9.figshare.25272649)*. Source data are
provided with this paper.

Code availability

PBL Netherlands Environmental Assessment Agency holds the propri-
etary rights to the IMAGE computer code; extensive documentation
is provided (https://models.pbl.nl/image). The open source modules
are published on: https://github.com/imagepbl.
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Extended Data Table 1| Implementation of aviation HtA measures

Challenges

Opportunities

Implementation in model

Regional differences

Demand

Rapidly increasing demand;
Carbon-intensive fuel, with
no ‘off the shelf technology

Alternative tourism, increased
teleworking

Pkms of aviation are reduced
by a factor based on the
regional data considering the
reduction in aviation activity
during the covid pandemic.
By 2040 this resultsin a

25% reduction in activity
compared to Reference.

Airplane ticket-tax

Airline ticket tax of USD 25 per
flight™.

Improved alternative
transportation infrastructure

Short distance aviation is
replaced by High speed rail

Implemented only in in those
regions where infrastructure

for alternative modes of between 2025 and 2035 is either available or planned
transport such as high-speed to be build.

rail

Educational policies and The travel money budget This measure will impact

policy acceptance.

reduces with increasing
income resulting in less
smaller share of income
going to transport and
therefore reduction in aviation
passenger kilometers

in particular high income
countries.

alternatives;

Low fuel price elasticity due
to fuel at a fraction of the cost
price and limited alternatives;
Long fleet lifetimes and slow
infrastructure turnover;
International sector is not
included under the Paris
Agreement

Technology

Adapted aircraft design:
efficient planes, light
weighting, retrofit,
operational efficiency

A comparison is made
between the MAC curve
described by®*® with cost

in EUR/tCO, for several
operational measures and the
carbon price. If operational
improvement reduce overall
cost they are implemented

Long-term alternative fueling
(for example hydrogen in
aviation);

Electric aircraft is mandatory
for short distance aviation and
hydrogen fueled aircraft for
short and medium distance
trips from 2040

In the medium term,
power-to-liquid fuel and
biofuels

Each year a choice can be
made between bio or oil
based kerosine depending
on their price. The result is
a faster transition to drop-in
biofuels.

Earlier retirement of
conventional planes

Lifetime of airplanes are
reduced which impacts the
vehicle turnover

Carbon pricing (and
including aviation in ETS),
harmonisation of policy
across countries (get ICAO
on board)

In Reference 1.5C
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Extended Data Table 2 | Implementation of shipping HtA measures

Challenges Opportunities Implementation in model Regional differences
International character Demand Lifestyle change (for example, lower Service demand is projected with constant

Market competitiveness demand for industrialized products), elasticity of the industry value added for each

and dependence on low increase in local production, transport mode. This constant is set at 0.4

fuel prices; regionalization of shipping (default is 0.5)

Technological - . B . A
problems (difficulties Technology Alterngtlve fuels, energy gfflmency, Redqced costs and |_r10r§ased energy Ene_rgy efflc!ency is

in electrification, no operational measures, efficient ship efficiency (10% relative increase between regionally differentiated
near-term alternative design 2020 and 2100) of alternative fueled vehicles  based on historical
fuels); according to the IMAGE SSP1assumptions. differences.

Demand increases, linked
with economic growth;
Already highly efficient
marine engines

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-024-02025-y

Extended Data Table 3 | Implementation of industry HtA measures

Challenges

Opportunities

Implementation in model

Complexity of the sector (product-wise
and regionally) requires tailored policy;
High competitiveness due to high
energy intensity and capital costs;
Intrinsic emissions in high-temperature
and process industry;

Demand inelastic and growing, due to
linkages with other sectors, economic
growth and infrastructure demand;
Long lifetimes of products and
factories in combination with high
costs of change

Demand

Imposed switch to alternative building
materials (implicit)

Lifetime extention

Higher recycling rate

Reduce demand for chemicals

Implicitly implemented. Steel, paper

and pulp, cement, non-energy and

other industry reduce material demand
according to the LED scenario in the

IRP RECC report, leading to an average
43.5%" decrease in material demand by
2060 compared to 2016. After this period
standard default assumptions on material
demand development are applied.

Technology

Higher momentum for specific low-carbon
technologies.

Steel: No new investments into least
efficient blast furnace steel plants
from 2025 onwards; Only investments
in electric arc furnace, hydrogen
reduced iron (from 2030 onwards) and
electrowinning (from 2050 onwards).
Cement: Foreclosure of least efficient
technologies from 2025 onwards.

Higher momentum for alternative fuels

Cement, paper and pulp: Preference
factor for electricity, hydrogen and
biomass (-5 USD/GJ)

Promote the use of electric crackers

Replace all fossil energy use in steam
cracking with electricity

Full details available in van Sluisveld et al.°®. No regional differences are applied.
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Extended Data Table 4 | Implementation of buildings HtA measures

Challenges

Opportunities

Implementation in model

Regional differences

Demand

Heterogeneity across
locations, building
archetypes, local conditions;
High costs of investments

Reduced waste via occupancy
sensors

Occupancy factor reduces useful
energy demand by approximately
10%

Behavioural change
concerning appliance
ownership and demand for
energy services

Avoid excessive ownership (from
baseline) of appliances with high
energy consumption (refrigerators,
other entertainment appliances);
reduce set point temperatures of
cooling and heating by 1 degree.

Communal spaces and shared
energy services (for example
cooking, appliances)

Use household size as a proxy for
shared spaces. Increase by 20%
above baseline

Applied only to households smaller
than 3.8 persons per household.

Lower floorspace per capita
(for example smaller houses)

Limit per capita floorspace to 30m?/
cap and 35 m?/cap for urban and
rural households respectively

Limit applied globally, but regional
floorspace per capita depends on
local economic conditions

make profitability and
affordability non-trivial;
Conflicting motivations to
take on investment costs
across landlords and tenants;
Household decisions
dependent on private value
judgments;

Long lifetime and slow
renovation pace, stock
lock-in;

Limited availability of
unobstructed surface for PV
systems in urban areas;

High required electricity load
for particular sub-sectorial
buildings;

Limited capacity for
evaluation of compliance

Insulation and renovation

A 20% subsidy on the costs of
high insulation levels; removal
of high discount rates for poorer
households.

Subsidy applied uniformly.
Influence of reduced discount rates
depends on regional households
expenditures

Local electricity and energy
generation

Promote installation of rooftop PV

Measure applied uniformly but
influence depends on local
residential floorspace (proxy for
roof area)

Technology

Higher efficiency
technologies

Promote electrification of heating
and cooking; increase fraction

of air-coolers to replace air
conditioners (30%);10% increase in
efficiency of cooking, heating, and
cooling appliances; For appliances,
we either assume a 10% increase
in efficiency, or universal adoption
of best available technologies,
whichever leads to the greatest
energy use reduction.

Measures applied uniformly. Impact
on energy demand depends on
regional climatic and household
conditions. For example, the impact
of air conditioning efficiency
increases depends on the local
requirement for cooling, and thus
the overall demand for cooling.
Furthermore, richer regions (which
tend to use more energy), will

see a greater impact of efficiency
improvements.

Energy-efficient architectural
design

Increase ‘functional’ rooftop area for
solar PV; reduce heating and cooling
intensity; promote building types
with lower heating/cooling intensity
(avoid detached houses)

Depends on local house sizes and
climatic conditions. For example,
regions with high solar irradiation,
larger building floorspace (and thus
larger rooftops) will benefit more
from this measure.

Switch from traditional
biomass for cooking to
cleaner alternatives

Turn off availability of traditional
cookstoves (force clean energy
access)
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Extended Data Table 5 | Implementation of agriculture HtA measures

Challenges

Opportunities

Implementation in model

Regional differences

Continued increases in food
demand and behavioural
barriers to dietary change;
Technological solutions
overlap and are not enough to
go to zero;

In some cases, high up-front
investments for farmers and
lack of incentives;
Competitive market;

Majority of emissions are from
smallholder farms;
Non-financial barriers for
farmers refer to knowledge
and training.

Dietary changes

Transition towards healthy

diets*® (incl. reduction of meat
and dairy products); transition
implemented by 80% by 2050

In regions with meat and

dairy consumption below
healthy levels, consumption is
assumed to increase

and 100% by 2100
Demand Decreases in food waste in Reduction in food waste at
farm processing, retail and farm, processing, retail and
households household levels by 40%
by 2050 and 50% by 2100
(consistent with 50% waste
reduction in*®)
Technological solutions: more
efficient livestock farming:
genetic selection, feed
additives
In rice production: reduced
flooding techniques, Higher non-CO, reduction
re;duced fqrphzer qn_d runoff: potential: Optimistic
h!ghgr fgrtlll'zer'efflmency, assumptions based on‘,
nitrification inhibitors which include more
Land management §pecqlative mitigation options
techniques: higher water in agriculture. Seaweed
tables on peat soils, different ~ @SParagopsis taxiformis as a
agricultural management feed supplement to reduce
to increase soil carbon enteric fermentation methane
Technology ’ from ruminants & biochar

increased tree cover in
agricultural landscapes

Structural changes required
to build knowledge,
investment profitability,
improved manure and
livestock management
systems

to reduce nitrous oxide
emissions from fertilizer.

Alternative products (for
example artificial meat)

Strong reduction in meat
consumption due to a
replacement by artificial
meat*: implemented as a
60% substitution by 2050 and
an 80% substitution by 2100

Only in high- and
middle-income regions with
average or above average
levels of meat consumption.
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Extended DataFig.1| GHG emission reductions over time for the SSP1-based scenarios. Agricultural emissions exclude land use.
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Extended DataFig. 2| GHG emission reductions over time for the SSP3-based scenarios. Agricultural emissions exclude land use.
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Extended Data Fig. 3| Cumulative CO2 emissions between 2020 and 2100. The radiative forcing target of 1.9 W/m?is achieved in all scenarios except for the

SSP3-based scenarios.
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Extended DataFig. 4 | Global GHG emissions, land-use CO2 emissions,
bioenergy use and BECCS in SSP1-based scenarios. In all scenarios, annual
crop-based bioenergy stays below the sustainable level of 60 EJ/yr, as identified

by Fuss et al.**, based on ecological and biophysical concerns. However, total
bioenergy use can exceed 60 EJ/yr as it includes residue use which does not
require additional land***.
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