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National emission reduction targets under the Paris Agreement have a territorial focus,
incentivizing mitigation actions domestically. Here we examine the theoretical basis for
adopting complementary consumption-based net-zero emission targets and assess the
consequences of adopting such proposed targets for Sweden. We apply scenario analyses
based on a prospective lifecycle assessment framework. The framework is a hybrid of
bottom-up simulations for passenger travel, construction and housing, and food, and top-
down analyses for remaining consumption. In this work, we show how consumption-based
climate targets may accentuate the need for new demand-side climate policies that con-
tribute to reducing emissions along supply chains of products and services. Our scenario
analysis suggests that combining advanced mitigation technologies with behavioral changes
could reduce emissions from 9.8 tons of carbon dioxide equivalents per capita in 2019 to
between 2.7 and 4.8 tons by 2045 for Swedish residents, depending on global dec-
arbonization pathways.
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limate policies tend to focus on measures that affect ter-

ritorial greenhouse gas (GHG) emissions—i.e., the

accounting framework established by the United Nations
Framework Convention on Climate Change (UNFCCC)!. The
influence of these policies on emissions abroad is therefore often
overlooked?. Carbon pricing is considered the most efficient
policy to reduce GHG emissions?, but pricing initiatives enforced
so far have been insufficient to drive deep decarbonization®> and
are far from achieving a global, uniform price signal. Differences
in climate policy commitments between countries and regions
also risk inducing carbon leakage®~10, where emissions increase
elsewhere due to domestic climate policy. The mere risk of carbon
leakage has also played a key role historically by discouraging
politicians in the United States!! and the European Union (EU)12
from enforcing adequate climate policies.

Sweden has relatively low territorial GHG emissions—5 tons of
carbon dioxide equivalents per capita (tCO,epc) in 201913 (excl.
land use, land use change, and forestry—LULUCF)—and has
adopted a net-zero target for 2045 to address these emissions!4.
Swedish consumption-based GHG emissions were 9.8 tCO5e,. in
2019!> (incl. emissions of GHGs and indirect non-CO, forcers of
aviation, and excl. LULUCF), showing a large discrepancy
between the accounting frameworks. Further, 42% of Swedish
consumption-based emissions in 2018 occurred in countries
where climate policies are considered weak!®.

Consumption-based emission accounting could potentially
incentivize abatement along the whole supply chain and reduce
carbon leakage risks!®. Emissions are here attributed to end-use
products and services®. However, a complete shift to
consumption-based accounting would require an international
framework to deal with how countries can be held accountable for
emissions outside of their jurisdiction, which risks infringing on
national sovereignty®. A shift to consumption-based emission
accounting would also likely suffer from blind spots related to
exports, which could create its own carbon leakage risks®. In
2022, a Swedish parliamentarian committee unanimously pro-
posed a compromise—adopting a consumption-based net-zero
GHG emission target alongside the territorial net-zero target!3.
Consumption-based accounting is not new from a scientific
perspectivel:®°. However, the proposal signifies a new policy
approach to be implemented in practice, and the theoretical basis
for adopting consumption-based targets alongside territorial
commitments to the UNFCCC has not yet been explored in the
scientific literature.

Moreover, assessing the ambition level of the proposed targets
in relation to other policy targets, potentials for emission
reductions, and global climate policy development, can deepen
the understanding of the added value of the targets. Scenario
analysis is an important tool in this context, especially for
assessing the impact of both supply- and demand-side mitigation
measures! 718, Explorative scenarios are used to assess long-term
developments depending on different changes to current systems,
in contrast to normative scenarios that aim to assess what would
be needed to reach a specific goal and predictive scenarios that
aim to assess the most likely future!®. Future Swedish
consumption-based GHG emissions have been analyzed using
backcasting?, a normative scenario analysis approach aiming to
achieve a certain emission level in 2050, and using explorative
scenarios!® for a subset of consumption categories based on
prospective lifecycle assessment.

Prospective lifecycle assessment is a methodological framework
that can be used for scenario analysis and considers two sets of
systems in transition (so-called foreground systems and back-
ground systems)?!, where the adoption of new products and
services by the end-user, incl. demand changes, is considered in
the foreground systems and the supply chains involved in

supplying those products and services are considered in the
background systems. Studies applying a prospective lifecycle
assessment framework generally either mapp integrated assess-
ment modeling results for future decarbonization scenarios to
lifecycle inventory databases?>23, or combine results from inte-
grated assessment models (IAMs) with lifecycle inventories and
additional analytical tools to understand the deployment of new
technologies, such as Morfeldt et al.?* for electric cars or Pehl
et al.?> for power systems.

Other national or regional case studies that use similar
approaches for explorative scenarios include India%®, Denmark?”,
and the EU?3. These studies all consider the transition of fore-
ground and background systems using different types of hybrid
modeling that combines top-down, e.g., multi-regional input-
output analysis, with bottom-up simulation models for demand,
and IAM results to understand how background systems may
evolve in the future. However, at the time of writing, scenario
analyses in the context of consumption-based climate policy
targets, covering all national consumption, have not yet been
explored.

In this work, we examine the theory justifying the adoption of
consumption-based  emission accounting alongside the
UNFCCC’s territorial framework. We also assess the con-
sequences of adopting the proposed consumption-based targets
for Sweden by comparing them to different emission pathways.
We use explorative scenario analysis for domestic mitigation
options, both technological and behavioral, which complements
previously used methods by covering all consumption categories
in a hybrid bottom-up and top-down modeling framework based
on prospective lifecycle assessment. The framework considers the
inertia of the transition towards a low-carbon society—in Sweden
as well as abroad. In addition, policies that could promote the
implementation of advanced technology and behavioral measures
are discussed in the context of the scenarios. The scenario analysis
results show that combining advanced mitigation technologies
with behavioral changes could achieve the lowest emissions per
capita—between 2.7 and 4.8 tCO,e,. by 2045—for Swedish resi-
dents, depending on global decarbonization pathways. While the
scenario results are relevant to the Swedish context, the discus-
sions on the viability of consumption-based targets and potential
policy options are applicable to other countries with similar
emission levels embedded in imports of products and services.
The scenario methodology is also applicable to other countries
provided that the underlying data is available.

Results

Viability of complementary consumption-based targets. Here,
we examine the theoretical basis for adopting a complementary
consumption-based accounting framework in a national setting.
For a complementary consumption-based target to be justified it
should (i) be consistent with current international frameworks
and agreements, (ii) have a sound policy design, and (iii) provide
added value by addressing weaknesses in the territorial
framework.

Consistency with UNFCCC. The transparency framework of the
Paris Agreement?® is built on territorial accounting of GHG
emissions. It has the dual purpose of generating national GHG
inventories that can be summed up to track global progress and
track progress with the countries’ nationally determined
contribution (NDC).

The adoption of the Paris Agreement marked a shift within the
UNFCCC, from negotiations on national emission reduction
targets (following territorial accounting) to a framework where
each country determines their contribution to the overall goal of
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the agreement’, in the form of nationally determined contribu-
tions (NDCs) for the short-term (Article 2.22°) and long-term low
GHG emission development strategies (Article 2.192°). Note that
the latter is not mandatory but has been recurringly encouraged
in UNFCCC statements (Decisions 1/CMA.23! and 1/CMA.332).
The framework maintains the UNFCCC’s demands for transpar-
ency—in terms of national, and territorial greenhouse gas
inventories and reports describing each country’s emission
development and policy response—and extends them to also
cover developing countries (Article 132°). The transparency
framework has the dual purpose of generating accurate estimates
of national emissions to be summed up for tracking global
progress (Article 132%), and to track progress with NDCs and
long-term mitigation strategies for each specific country (Article
132% and Decision 4/CMA.133).

These decisions open for a country to determine its own
accounting methodology if the NDC includes targets that are not
consistent with IPCC guidelines (ie., territorial accounting).
These requirements, among other things, stipulate that “parties
shall promote environmental integrity, transparency, accuracy,
completeness, comparability, and consistency, and ensure the
avoidance of double counting” (Article 4.132%). Consumption-
based emissions can be estimated in a methodologically
consistent way by using global multi-regional input-output
(MRIO) tables with environmental extensions! and methods
have been developed to improve the accuracy of these results4.
However, such methods suffer from double counting if adopted
alongside territorial accounting. Moreover, the transparency of
the methods can be questioned given the assumptions needed
when constructing complete MRIO tables and when translating
economic trade data to embodied emission flows®. Consumption-
based accounting based on MRIO tables is also inherently more
complex in comparison to territorial accounting. Hence,
consumption-based accounting may not qualify as a methodology
for tracking progress with NDCs.

We see another potentially valuable contribution of national
consumption-based accounting as a complement, adopted along-
side the UNFCCC framework, that does not influence the
integrity of the transparency framework. Each country is required
to assess the fairness of its contribution and how its NDC
contributes to achieving the overall goal of the Paris Agreement
(Decision 4/CMA.133). Here, complementary consumption-based
targets could enhance the country’s fair contribution to the goals
of the agreement by counteracting carbon leakage and by
unlocking additional mitigation potentials by targeting domestic
activities where the emissions occur outside the country’s
territory.

Hence, complementary consumption-based targets, that are
not explicitly included in the NDC for a country, can be designed
to not necessarily interfere with the well-defined procedures for
the transparency framework and NDC accounting of the Paris
Agreement and still provide added value.

Policy design. In the realm of environmental policy-making, the
‘polluter pays principle’ takes center stage!l. This principle advo-
cates for policies to target the source of pollution to stimulate
abatement while avoiding unnecessary distortions to the econ-
omy. Its basis aligns with the territorial accounting framework
and implicitly questions the efficacy of policies that target proxies,
such as inputs or consumption activities, to reduce pollution.
Following this line of reasoning, an optimal strategy for meeting a
global climate target would entail every country imposing
economy-wide carbon prices on polluting sources3>. However,
the improbability of achieving a globally (near) uniform carbon
price in the immediate future necessitates the exploration of
additional policy measures to meet climate targets®3>-38,

Policies explicitly targeting behavioral changes are believed to
be politically sensitive but could indirectly reduce both ‘upstream’
and ‘downstream’ emissions3®. Nevertheless, Schmutzler and
Goulder3” show that output taxes may be more cost-efficient than
emission taxes in situations where (i) monitoring costs are high,
(ii) abatement options are limited, uncertain, or unavailable in the
short term, and (iii) where demand is elastic, or substitutions are
possible. However, emission taxes consistently stimulate suppliers
to seek ways to mitigate their costs. Hence, as noted by
Schmutzler and Goulder®’, emission taxes potentially drive
technological advancement in cleaner processes and solutions
even when abatement opportunities in the short term are limited.

Stimulating technological development on the supply side
could however also be achieved by introducing a differentiated
output tax that credits emission-saving technologies. Such a
domestic policy has the potential advantage of catalyzing
technological progress not just among local producers but also
among foreign ones, thereby increasing cost efficiency. Alter-
natively, as shown by Fullerton and Mohr3® an output tax
combined with a technology subsidy geared towards emission
reductions, can be as efficient as an emissions tax.

In summary, the complexity of environmental policy-making
necessitates a nuanced approach beyond the ‘polluter pays
principle’. Domestic consumption-focused policies and technol-
ogy subsidies are promising strategies that could complement
traditional emission pricing at their source.

Addressing weaknesses. Consumption-based targets could address
carbon leakage risks and incentivize additional mitigation mea-
sures by targeting domestic consumption activities where emis-
sions occur outside the country’s territory. In addition,
consumption-based targets adopted alongside territorial targets
could introduce a consumer perspectivel, incentivizing both
demand- and supply-side emission reductions irrespective of
where the emissions occur. Demand-side measures are instru-
mental in some scenarios3? that strive to limit the global mean
temperature increase to 1.5°C without large dependency on
carbon dioxide removal. These scenarios often foresee substitu-
tion away from carbon-intensive products and services to low-
carbon options—e.g., car-free mobility solutions, plant-based
diets—or absolute reductions in demand—e.g., air travel, space
heating/cooling—that could be incentivized by consumption-
based policies.

Examples of such policies are differentiated consumption taxes
on basic material or animal-based food. For basic materials (e.g.,
cement, steel, and petrochemicals), abatement cost per unit tends
to be high while the downstream consumer (e.g., a car buyer)
typically would see little of the carbon cost?’. Differentiated
consumption charges have been proposed for these sectors to
both reduce the risk of carbon leakage*! and reinstate the
demand-side carbon price signal2. In the case of animal-based
food, high monitoring costs are paired with comparatively low
technological potentials for reducing ruminant methane emis-
sions and nitrous oxide emissions from fertilizers. Hence,
consumption charges could be a cost-effective policy for
mitigating agricultural GHG emissions3743-46, Emerging plant-
based protein sources and the increasing share of vegetarians and
flexitarians in the EU%7 also indicate an ongoing substitution.

Ambition level of proposed Swedish consumption-based tar-
gets. As shown in the previous section, complementary
consumption-based targets and policies can be supported theo-
retically. Here, we compare the net-zero target trajectories for
consumption-based emissions proposed by the Swedish parlia-
mentarian committee!3 with four different scenarios, see Fig. 1.
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Fig. 1 Scenario overview. Scenarios for domestic action and their connections to each respective global decarbonization pathway. Each domestic scenario
is combined with a global decarbonization pathway that follows current trends and policies. Future consumption-based emissions are strongly influenced
by technology developments worldwide, such as the global adoption rate of renewable energy, sustainable aviation fuels, and fossil-free materials
production. Hence, the two scenarios that assume climate action domestically—achieving territorial targets (green) and advanced technology and
behavioral changes (yellow)—are also combined with a global climate transition following the Paris Agreement. The latter pathway is equivalent to limiting
the global mean temperature increase to 1.8 °C above preindustrial levels (or 1.5 °C if substantial negative emissions are realized). The results are

presented as ranges when both global decarbonization pathways are used.

The proposal!? consists of absolute emission reduction targets for
consumption-based emissions (i.e., emissions for the total
population and excluding non-CO, climate impacts of aviation),
expressed relative to a base year (i.e, 2010). The targets are
referred to as two alternative trajectories (ie., linearly inter-
polated): (i) the main trajectory with reductions of 26% by 2030,
57% by 2040, and 66% by 2045, and (ii) the alternative trajectory
with reductions of 47% by 2030, 69% by 2040, and 77% by 2045.
Remaining emissions above net-zero (in 2045) are to be offset
using carbon dioxide removal, and verified emission reductions
abroad through Swedish investments, and/or climate benefits
related to Swedish exports!3. Emission estimates relevant to
compare with the target trajectories are presented in Table 1
together with emissions per capita estimates that are also visua-
lized in Figs. 2 and 3. Note that our main results presented in
Figs. 2 and 3 include non-CO, climate impacts of aviation while
those are not included in the proposed targets.

The scenario analysis is based on a hybrid approach. Bottom-
up simulation models are used for estimating future emissions for
passenger travel, construction and housing, and food consump-
tion. Emissions related to remaining consumption categories are
estimated using a top-down approach based on an expanded
Kaya identity*® and data from Exiobase!®, see Methods.

Reference scenario. Consumption-based emissions decreased by
9% from 2019 to 2020, see Fig. 2, due to reduced air travel in
response to the Covid-19 pandemic. Air travel emissions recover
by 2025 and reach 0.9 tCO,e,, close to pre-pandemic levels of 1.0
tCOse,., see details for each consumption category in Supple-
mentary Fig. 2. Changes in other consumption categories coun-
teract the trend, especially emissions from passenger cars that
decrease by 23% compared to 2019 due to electrification. While
air travel emissions increase after 2025, reaching 1.2 tCO,e,. in
2045, emissions decrease in all other consumption categories.
Passenger car travel stands out with a reduction of 60% compared
to 2019 due to the electrification of the fleet. Emission reductions
in other consumption categories are related to current efficiency
trends. Subsequently, the carbon intensity of Swedish electricity
generation and district heating is assumed to reach zero by 2058,
when the EU Emission Trading System’s (EU ETS) CO, cap
reaches zero* (ie., not including recent provisional decisions
related to the Fit-for-55-proposal). Consumption-based emissions
reach 7.5 tCOse,. in 2045. This is equivalent to a reduction of
24% compared to 2010 (referring to emissions for the total

population and excluding non-CO, climate impacts of aviation,
both in line with the proposal). The reduction can be compared to
the proposed Swedish consumption-based targets of 66-77% for
the main or alternative trajectories, respectively.

Achieving territorial targets scenario. If Sweden’s territorial targets
are met and global industries develop in line with current trends
and policies, consumption-based emissions could decrease to 6.3
tCOsepc by 2045 (cf. 7.5 tCO,e, in the reference scenario). The
major differences between this scenario and the reference depend
on assumptions for the construction sector (i.e., 54% emission
reduction by 2045 compared to the reference scenario), mainly
due to domestically produced fossil-free steel and asphalt, and
cement production using carbon capture and storage; passenger
car travel (i.e., 39% emission reduction in 2045 compared to the
reference scenario) due to full fleet electrification and phase-out
of fossil fuels; and food production (i.e., 24% reduction in 2045
compared to the reference scenario), due to domestic use of fossil-
free fertilizers and feed additives that reduce methane occurrence
in cattle>?. The assumed measures are detailed in the first column
of Table 2. A higher pace in the decarbonization of electricity and
district heating (by 2045 instead of 2058) also contributes to
reducing emissions. These reductions are offset by growth in air
travel emissions due to an assumed doubling of flights per capita.
Air travel emissions level out around 2035. The share of sus-
tainable aviation fuels (SAFs) is assumed to approach 100% by
2045 for domestic flights®! and EU-bound flights taking off from
Sweden!3.

Global climate transition. Here, we assume global action, where
other countries match the ambition of the Paris Agreement. This
implies reaching global net-zero GHG emissions by 2070°2. For
the bottom-up simulated categories, faster global decarbonization
mainly impacts Swedish air travel, where emissions start to
decrease from 0.8 tCO,ep, in 2025 to 0.6 tCO,e, in 2045 due to
an increased share of SAFs for international air travel. Dec-
arbonized global construction materials and vehicle manu-
facturing also contribute to lower emissions as well as fossil-free
fertilizers and feed additives in global food production.

A global climate transition also has a notable impact on
emissions related to the top-down modeled consumption
categories, which decrease by 50% in 2045 compared to the
reference scenario. However, the rate of energy efficiency (i.e., the
energy use per unit of economic activity) and carbon intensity
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Table 1 Scenario results

Base year (2010)
Scenarios (2045)

Reference

7.0 (38%)

80.9 (24%)

7.5 (35%)

86.8 (20%)

3.4-5.8 (48-70%)

39.8-67.6 (36-63%)

3.7-6.3 (45-68%)

43.0-72.9 (33-60%)

Achieving territorial

targets

2.6-4.6 (59-77%)

29.9-53.3 (50-72%)

2.7-4.8 (59-77%)

31.1-55.3 (49-71%)

Advanced technology
and behavioral

changes

5.5 (51%)

64.2 (40%)

5.7 (51%)

66.0 (39%)

Reference with

behavioral changes

Absolute greenhouse gas emissions and greenhouse gas emissions per capita, with and without non-CO, effects of combustion at high altitudes, for the base year (2010) as well as for each scenario in the year 2045. The emission reductions in 2045 compared to 2010 are

provided in parentheses. The emission reductions relevant to compare with the proposed targets are highlighted in bold. Note that the range indicated represents the uncertainty in the global climate transition, where the higher level represents current trends and policies, and

the lower level represents a global climate transition in line with the Paris Agreement's goals.

COMMUNICATIONS

Greenhouse gas emissions per capita (ton CO»e)
(o>}

0 -
2010 2015 2019 2025 2030 2035 2040 2045
Historic .... Proposedalter- _ Achieving
emissions native targets territorial targets

Proposed
main targets

Reference

Fig. 2 Consumption-based emission pathways for the reference scenario
and if territorial targets are met. Scenario analysis in comparison with
proposed target trajectories (dashed: main trajectory, dotted: alternative
trajectory). Historic emissions (solid-gray) for 2008-2019 and scenarios—
reference (solid-black) and achieving territorial targets (dot-dashed)—for
2019-2045. Note that the range indicated for achieving territorial targets
(dot-dashed) represents the uncertainty in the global climate transition,
where the higher level represents current trends and policies, and the lower
level represents a global climate transition in line with the Paris
Agreement's goals. Historic emissions are based on data from Exiobase!®
with the addition of non-CO, effects of combustion at high altitudes based
on energy use data for aviation from Exiobase'®, following the method
outlined in Supplementary Note 1. Results for total Swedish consumption-
based emissions with or without non-CO, effects of combustion at high
altitudes are available in Supplementary Fig. 1.

improvements assumed in the top-down methodology are highly
uncertain, see Supplementary Figs. 3 and 4. On the one hand, the
energy efficiency assumption used—the historic trend at the
global level>>—may overestimate the improvement potential
given that the energy efficiency of Swedish economic activities
is already relatively high>%. On the other hand, behavioral changes
could enable higher rates of energy efficiency improvements
through, e.g., pushing towards buying high-quality products with
longer lifetimes or increasing the degree of servitization—where
users pay for a service instead of buying equipment?>.

Swedish consumption-based emissions reach 3.7 tCOse,. by
2045 if territorial targets are achieved in combination with a
global climate transition. Hence, achieving the territorial emission
reduction targets would reduce consumption-based emissions by
36-63% in 2045 compared to 2010 (referring to emissions for the
total population and excluding non-CO, climate impacts of
aviation, both in line with the proposal), depending on the
development in the rest of the world.

The emission impact of demand-side mitigation measures.
Here, we explore how demand-side measures impact Swedish
consumption-based emissions and compare those impacts with
the net-zero target trajectories proposed by the Swedish

EARTH & ENVIRONMENT | (2023)4:342 | https://doi.org/10.1038/s43247-023-01012-z | www.nature.com/commsenv 5


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01012-z

12
—
(0]
N
o
O 10+
c
[e]
=
©
=
q 8
o
E A
Q
2
S 67 N
£ N
o N
& 4- s ~
. ~
e} ‘. ~
[0] . ~
(7] .
3 .
g 5
c 27
[
(0]
o
O]
O -
2010 2015 2019 2025 2030 2035 2040 2045
Historic Proposed alter— Advanced technology
emissions native targets and behavioral changes
Proposed Reference with
- R Reference .
main targets behavioral changes

Fig. 3 Consumption-based emission pathways for scenarios including
behavioral changes. Scenario analysis in comparison with the proposed
target trajectories (dashed: main trajectory, and dotted: alternative
trajectory). Historic emissions (solid-gray) for 2008-2019 and scenarios—
reference (solid-black), reference with behavioral changes (two-dashed),
and advanced technology and behavioral changes (long dash)—for
2019-2045. Note that the range indicated for the advanced technology and
behavioral changes scenario (long dash) represents the uncertainty in the
global climate transition, where the higher level represents current trends
and policies, and the lower level represents a global climate transition in
line with the Paris Agreement's goals. Historic emissions are based on data
from Exiobase!® with the addition of non-CO, effects of combustion at high
altitudes based on energy use data for aviation from Exiobase!®, following
the method outlined in Supplementary Note 1. Results for total Swedish
consumption-base emissions with or without non-CO, effects of
combustion at high altitudes are available in Supplementary Fig. 1.

parliamentarian committee!3. Two scenarios are analyzed: (i) a
scenario combining technologies assumed to be implemented in
response to the territorial targets, additional advanced technolo-
gies, and behavioral changes that shift or fully avoid consump-
tion, see categorization along the avoid-shift-improve
spectrum!8°6 in Table 2, and (ii) a reference scenario combined
with only avoid or shift measures that highlight the effect of
behavioral changes alone. The latter scenario also highlights how
far sufficiency actions'®17>> can take us in reducing the emis-
sions. Note that the sufficiency actions considered in this study
are incremental in the sense that they are consistent with a
growing economy, whereas sufficiency actions in response to
societal development towards degrowth could go further.

The advanced technology transition includes self-driving cars
that enable car sharing in cities and to some extent ride sharing.
We assume that policy measures minimize any induced travel
demand®’ implied by these technologies. The behavioral changes
include assumptions of reduced driving by 20% per capita
compared to 2019 by increased cycling and use of public
transport as well as reductions in travel. Total air travel per capita
is halved, and domestic flights are reduced even more. Increased
rail travel is assumed to compensate for some flights, both
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Table 2 Categorization of mitigation actions.

Advanced technology and behavioral changes

Avoid

territorial targets

ieving

Ach

Consumption category

Improve (additional)

Shift

Improve

Increased train and bus trips to

continental Europe

Sharp reduction in air
travel per capita

Increased use of sustainable aviation fuels,
measures to reduce non-CO, effects,

electrification

International air travel

Increased domestic train and

bus trips

Sharp reduction in air
travel per capita

Increased use of sustainable aviation fuels,
measures to reduce non-CO, effects,

electrification

Domestic air travel

Self-driving cars

Increased cycling and public
transport for commuting as well

as leisure trips

Less commuting

Electrification following phase-out of internal

combustion engines in new car sales by

Passenger car travel

enabling car sharing in

cities

2030, and phase-out of fossil fuels by 2040
More energy-efficient buildings and reduced

Increased materials

efficiency in

Commercial and office space

converted to housing;

Reduced housing and

Construction, space

commercial space per

capita

emissions in electricity generation and district
heating production, decarbonized domestic

building materials

heating, and household

energy use

construction

renovations instead of new

construction

Fossil-free fertilizers and feed additives

Food

products replace animal

Plant-based protein-rich
products

Actions implemented in the mitigation scenarios according to the avoid-shift-improve framework. Note that the scenario of Achieving territorial targets only covers measures in the improved category. Quantifications of these assumptions and additional details are provided in

Methods as well as Supplementary Notes 1-7.
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domestic and—to a lesser extent—international. Trips to
continental Europe make use of the potential for shifting to
night trains®. Construction of new buildings and infrastructure
are assumed to decrease by increased maintenance and renova-
tion, and by converting offices and commercial space into
housing. The average living space is assumed to fall by 10%
compared to 2019. Additional material efficiency measures in
construction and renovations contribute to further reducing
emissions®®. A shift towards consumption of plant-based protein-
rich products enables a decrease in beef, lamb, and liquid dairy
products by 75% compared to 2019 and cheese consumption is
halved. Demand changes are detailed in Supplementary Table 1
and the rationale is discussed in the respective Supplementary
Notes 1-7.

Reference scenario with behavioral changes. Notable emission
reductions in 2045 compared to the reference scenario in
response to behavioral changes alone are seen in air travel (73%),
food consumption (35%), passenger car travel (36%), and con-
struction (31%). The scenario reaches an emission level of 5.7
tCO,e,, in 2045, see Fig. 3. Total emissions are reduced by 40% in
2045 compared to 2010 (referring to emissions for the total
population and excluding non-CO, climate impacts of aviation,
both in line with the proposal). However, the emission level is
higher than the proposed targets, indicating that behavioral
measures alone are not enough to achieve the targets.

Advanced technology and behavioral scenario. Further emission
reductions are expected compared to the reference scenario in
2045 for air travel (74-86%), food consumption (61-66%), pas-
senger car travel (68-83%), and construction (75-83%), where
ranges depend on the global decarbonization pathway. Compared
to the scenario achieving territorial targets, the effect is largest for
air travel emissions (0.2-0.3 tCO5e,, in 2045 compared to 0.6-1.0
tCO,e,., where ranges depend on the global decarbonization
pathway) and food consumption (0.5 tCO,e, in 2045 compared
to 1.0 tCO,e,.—the difference between the global decarboniza-
tion pathways is smaller than 0.1 tCO,e). These effects can be
explained by both categories lacking options for close-to-zero
decarbonization technologies in the near term. For passenger car
travel, construction, space heating, and household electricity use,
behavioral shifts in combination with technological advances
result in earlier emission reductions, but only have minor effects
on the level of emissions by 2045, see Supplementary Fig. 2. The
scenario combining advanced technologies with behavioral
changes could reach 2.7-4.8 tCO,e,,. by 2045, see Fig. 3, reducing
consumption-based emissions by 50-72% in 2045 compared to
2010 (referring to emissions for the total population and
excluding non-CO, climate impacts of aviation, both in line with
the proposal).

Results for top-down modeled categories. Consumption-based
emissions for the top-down modeled categories are in our analysis
not affected by any explicit behavioral changes. Demand-side
measures for consumer products could potentially reduce emis-
sions further®, Figure 4 shows that these consumption categories
make up a notable share of remaining emissions in 2045, espe-
cially if the global pathway develops according to current trends
and policies. The sensitivity analysis of the rate of change in the
energy efficiency of economic activities, see Supplementary
Figs. 3, 4, suggests that decreasing energy use per economic unit
could result in additional emission reductions. Such changes
could include shifts towards more expensive, high-quality pro-
ducts and shifts from products to services. However, more
detailed studies are needed on how the manufacturing of con-
sumer products may change, what the potentials are for shifts in

consumption, and how increased circularity as well as rebound
effects could affect those trends.

Potential policies for achieving technology and behavioral
changes. The ambitious Fit-for-55 policy package in the EU
includes a range of policies that can be expected to deliver major
emission reductions®!. These are primarily focused on reducing
emissions at their source and may also affect consumption pat-
terns. If fully implemented, the emission intensity of products and
services will be reduced and relative prices in the economy will
shift and affect consumption choices.

Supply chain decarbonization. Emissions from the production and
use of products and services—e.g., electricity, new cars, new
buildings, and air travel services—will be reduced due to both
emission trading schemes and more specific sectoral policies.
Furthermore, emission reduction targets from an end-user per-
spective are already implemented in corporate emission
accounting through, for example, the Greenhouse Gas Protocol
and Science Based Targets initiative, which supports companies
in setting mitigation targets throughout their products’ value
chains®2. These voluntary targets have loopholes®>%4. If these
targets work as intended and are sufficiently ambitious (ie.,
contribute to speeding up mitigation along the companies’ supply
chains), they would contribute to reducing the emission inten-
sities of the companies’ products and services.

Nevertheless, additional policies are likely needed to affect the
emission intensities along the supply chains of products and
services, especially if the rest of the world does not fully
implement the advanced technologies assumed in our scenario.
One such policy instrument is the maximum lifecycle carbon
footprint threshold for electric vehicle batteries, as laid out in the
proposed EU battery regulation®. Potential additional instru-
ments include regulations in the agricultural sector that require
nitrification inhibitors to abate nitrous oxide emissions from
fertilizer use and methane inhibitors for ruminant animals to
reduce the methane intensity of meat and dairy production®. To
avoid risks of carbon leakage and trade distortions, these
instruments could be combined with carbon border adjustment
mechanisms (CBAM), potentially together with climate club
constructions®”. Pushing towards an expansion of CBAM beyond
the scope included in Fit-for-55, or realizing a climate club® on a
global scale with member countries from several continents, could
reduce the emission intensities along the supply chains regardless
of country of origin.

Driving behavioral change. The scenarios with behavioral changes
encompass various demand-side changes. These behavioral
changes are larger than the shifts in consumption patterns
expected through changes in relative prices in response to Fit-for-
55. Hence, the behavioral changes cannot be expected to occur
spontaneously even though they are aligned with current trends.
For example, increased remote working can reduce commuting
and the need for office space, but policies are necessary to drive
these behavioral changes and to avoid rebound effects that may
increase supply chain GHG emissions (e.g., increased commuting
distances, increased housing area)®®70. Consumption taxes are
potential strategies”! to achieve the large changes in consumption
patterns that are stipulated in our scenario. Implementing tax
shifts, which involve the introduction or increase of taxes on
carbon-intensive products and services alongside reductions in
other taxes, is a policy design that has the potential to garner
greater public acceptance, despite the generally low acceptance of
new taxes’?, The potential policies discussed below are related to
the key behavioral changes highlighted in the scenario analyses
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2019

Base year Reference

o
L

o)
1

Achieving
territorial targets

Reference with
behavioral changes

Advanced technology
and behavioral changes

Greenhouse gas emissions per capita (ton COe)

Current trends
and policies

Current trends
and policies

Method: . Bottom-up: Explicit simulation models

Current trends
and policies

Current trends
and policies

Global
transition

Current trends
and policies

Global
transition

Top-down: Expanded Kaya identity

Fig. 4 Consumption-based emissions in 2045. Results for 2045 for the different scenarios (panes), depending on development in the rest of the world
(columns) and type of estimation method—bottom-up: explicit simulation models (blue) and top-down: expanded Kaya identity (pink). Results are also

given for the base year (2019) in the first pane.

for achieving lower total carbon footprints. These include a
decrease in air and car travel, reduced housing and commercial
space, and a shift from animal-based to plant-based protein
sources.

Regarding air travel, ticket prices are likely to increase since
airlines will have to purchase emission allowances for EU flights
as well as fulfill an SAF quota. With no new allowances issued
after 2040, airlines will be compelled to adopt more expensive
alternatives to reduce emissions’>73, such as biofuels, green
electrofuels, and all-electric aircrafts. Consequently, this will likely
reduce the demand for air travel and promote a shift towards
alternative modes of transportation, such as international train
travel. Choice modeling studies have demonstrated that improved
train alternatives and altered relative prices can result in notable
shifts from air travel to long-distance night trains’4. However,
since intercontinental flights constitute over half of the air travel
emissions of Swedish residents, stronger EU or national policy
measures will be necessary in the absence of a robust global
policy. Many countries, such as Germany, the UK, France, and
Sweden, have implemented distance-based taxes on air travel
tickets”>, which could be gradually increased to achieve targeted
reductions (similar to taxes on tobacco, alcohol, and fossil fuels in
certain countries).

We also assume reductions in car travel and a shift to active
transport (ie., cycling and walking), public transport, and,
potentially, ride-sharing with autonomous taxis. Existing mobility
policies primarily focus on shifting from vehicles using fossil fuels
to electric vehicles. However, additional policies for limiting the
use of remaining vehicles with internal combustion engines are
likely to be important to meet Swedish climate policy targets,
together with limiting the carbon footprint of battery supply
chains. Local policies for increased service quality and accessi-
bility will likely be important for public transport’® and
promoting active transport, e.g., safe and convenient biking and
walking lanes, can further contribute to emission reductions’’.
Various taxation instruments may also be critical to handle other
aspects of the transition that may spill over to reducing emissions,
such as taxes on new electric vehicle purchases that mainly would
limit battery material demand and kilometer-based taxes that

could compensate for the loss in tax revenue when fossil fuels are
phased out. From an emissions perspective, these instruments
could keep car ownership and usage low, and limit emissions in
electricity generation and vehicle manufacturing. Plausible
pricing instruments can also be differentiated based on public
transport accessibility to avoid problems with perceived
unfairness’® between the urban and rural populations.

Concerning housing, current targets and policies aim to
increase construction levels to address housing shortages and
stimulate the economy. Reversing this trend and designing
policies that promote reduced housing area per capita, as well as
commercial space, is a relatively unexplored area’®. Taxes on real
estate based on square meters (in addition to monetary value)
could serve as a potential key policy instrument to incentivize
individuals to downsize their homes and organizations to reduce
commercial space. To achieve this, it is also crucial to minimize
taxes and other expenses associated with such relocations.
Subsidies could be introduced to encourage the conversion of
office space into housing, reconstruction of large private villas
into several smaller units, and establishment of various forms of
co-living arrangements with low space usage per capita.

Food consumption habits are influenced by factors such as
prevailing trends, product availability, and advertising. Currently,
there is a noticeable inclination®? towards healthy foods with a
lower climate impact, especially chicken, and the market is
rapidly evolving®! with the introduction of new and cheaper
plant-based protein options. Nevertheless, policy intervention will
be necessary to bring about the needed shifts in dietary patterns.
One potential approach involves implementing a tax shift within
the food sector®’, where excise duties based on the weight of
foods with high climate impacts, such as meat and dairy products,
would be implemented on top of the value-added tax while
lowering the value-added tax on other food items.

Discussion

Complementary consumption-based targets may motivate policy
instruments incentivizing substitution in consumption and
reducing demand for carbon-intensive products and services. Due
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to differing emission reduction ambitions among countries,
implementing policies solely aimed at producers can pose chal-
lenges such as carbon leakage and domestic job loss. As a solution
to this problem, policies that target consumption, treating
domestic activities and imports equally, can be employed. How-
ever, to achieve an effective approach, it is crucial to also prior-
itize the incentivization of low-carbon technologies and
encourage producers to undertake abatement efforts.

There are also accounting problems when focusing only on the
consumption perspective. Methods for monitoring consumption-
based emissions are inherently more complex than for territorial
emissions, requiring additional assumptions and simplifications.
Hence, solely relying on consumption-based accounting is not
consistent with the transparency principle set out in UNFCCC
decisions, and including consumption-based targets as part of
countries’ NDCs risk resulting in double counting of emissions.
However, if the targets are implemented as complements to the
territorial targets, as proposed for Sweden, they could enhance the
fairness of the NDC by counteracting carbon leakage and
unlocking additional mitigation potentials for emissions occur-
ring outside the country’s territory.

Our scenario analysis indicates that the Swedish proposed
targets on consumption-based emissions can only be achieved by
combining advanced technology with behavioral changes, pro-
vided that other countries—from which Sweden imports products
—achieve equivalent emission reductions. In such a case, the main
trajectory targets can be achieved, but not the more ambitious
alternative trajectory. Achieving these emission reductions
implies more extensive societal transformations that potentially
could be achieved by exploring further behavioral changes not
considered in this study, e.g., regarding consumer product cate-
gories such as textiles and home electronics, and by promoting a
faster transition in producing countries, e.g., through the for-
mation of climate clubs.

Further, some scholars8283 argue that planned degrowth
pathways—challenging the economic growth regime—can enable
faster emission reductions globally without extensive use of car-
bon dioxide removal through a reduction in total energy demand.
Analyzing degrowth pathways, for example, by applying a general
work-time reduction, would be interesting and possible using the
methodology developed in this study. However, such pathways
are outside of the scope of this study. Our scenarios instead
assume continued economic growth combined with drastic
technological changes and incremental, but far-reaching, shifts
from consumption of high- to low-carbon-intensive products and
services.

Finally, there are many open questions regarding the appro-
priateness of consumption-based targets, the political accept-
ability of such targets and the policy instruments needed to
achieve the targets, the cost-effectiveness of consumption-focused
policy instruments, and how to track the progress and fulfillment
of such targets. These questions are relevant directions for future
research.

Methods

Decarbonization scenarios and their rationale. A set of dec-
arbonization scenarios explore combinations of advanced low-
carbon technology in Sweden and abroad with behavioral changes
in Sweden, see Fig. 1. The methodological approach used for the
scenario construction is based on designing a few selected path-
ways that represent highly divergent, yet plausible futures—
similar to the approach used for the emission scenarios for the
shared socioeconomic pathways®. The scenarios are developed to
analyze the implications of consumption-based targets proposed
by a cross-party committee of the Swedish parliament!3. Each

scenario is based on a simple rationale for domestic development
combined with different decarbonization pathways for emissions
occurring abroad. The different measures foreseen are classified
on the avoid-shift-improve spectrum!8% in Table 2.

In a reference scenario, the future unfolds in line with current
trends and policies (as of mid-2019). Global and national
incentives to reduce emissions continue to be weak and fail at
disrupting the fossil-fueled society. The demand for products and
services continues to increase, while some reductions in average
carbon footprint per product or service are achieved by increased
efficiency and adopted CO, emission regulations. This trend is in
line with historic developments®*—Swedish consumption-based
emissions have been relatively stable since the early 1990s, but
demand for products and services has increased while the
emissions intensity has decreased. Nevertheless, decisions already
made will be honored, which for example means that emissions
from electricity generation will decrease and the use of renewable
fuels for both road and air transport will increase.

The reference scenario and the reference scenario with only
behavioral changes assume that current trends and policies
prevail for all countries, while the other domestic scenarios are
analyzed for two global decarbonization pathways: current trends
and policies, and global climate transition. The latter assumes a
decarbonization pathway in line with the Paris Agreement’s goals
of holding global mean temperature increase well below 2 °C and
striving towards 1.5°C compared to preindustrial levels. The
pathways used are based on the International Energy Agency>?
and their decarbonization pathway aims to hold the global mean
temperature increase below 1.8°C compared to preindustrial
levels at a probability of 66%. This pathway is equivalent to global
net-zero carbon dioxide emissions by 2070.

In the scenario that achieves territorial targets, Sweden
implements the policy instruments needed to achieve the net-
zero target for territorial GHG emissions by 2045, interpreted
using further indications by the Swedish government® (e.g.,
transport and energy-related emissions within Sweden are
assumed to reach close to zero by 2045). Emission reductions
are mainly achieved through a domestic technology change, such
as electrification of the passenger car fleet and increased use of
biofuels in line with a governmental assessment3¢ together with
fossil-free steel production and cement production with the
capture of carbon dioxide®”. Decarbonization of domestic
building material production, combined with regulatory require-
ments and public procurement targets on embedded emissions in
buildings and infrastructures. Fossil-free fertilizers and feed
additives contribute to emission reductions in agriculture.
Demand for products and services is assumed to follow the same
trends as in the reference scenario. The level of consumption-
based emissions in this scenario also depends on developments in
the rest of the world. The upper emission level shows the result of
the rest of the world following current trends and policies. The
lower emission level means that a global climate transition has
started in line with the Paris Agreement, where the technology
changes are also implemented abroad but at a slower pace than
domestically.

In the scenario for advanced technology and behavioral
changes, the effects of large-scale behavioral changes on future
emissions are illustrated in combination with advanced technol-
ogy development beyond what is expected to be achieved if
complying only with the territorial targets. Behavioral changes
include cycling and public transport replacing some car use and
remote work expands to allow for less commuting. There is a
sharp increase in domestic rail travel, and trips to continental
Europe are also sometimes done by train. Trips to the
Mediterranean by flight are less frequent, and intercontinental
travel becomes a once- or twice-in-a-lifetime event. An emphasis
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on maintenance and renovation, conversion of offices and other
commercial space into housing, and reductions in living space
result in lower demand for new construction. Plant-based
protein-rich products replace animal products. For advanced
technological changes, self-driving cars enable car sharing in cities
to reduce the number of cars and to some extent enable ride-
sharing, and increased material efficiency to reduce emissions
further in both new construction and renovations.

In the reference scenario with behavioral changes, the avoid
and shift categories of behavioral changes (Table 2) are
implemented but without combining them with technological
change in Sweden or abroad. Neither the technological changes
motivated by the territorial targets nor advanced technologies are
implemented in this scenario. The technological development is
in line with current trends and policies, which means that
Sweden’s territorial climate targets are not met.

Prospective lifecycle assessment and harmonized assumptions.
This study uses a prospective lifecycle assessment framework to
estimate the carbon footprint (i.e., GHG emissions using global
warming potentials over a 100-year time horizon) for Sweden
over the period 2019-2045 for the decarbonization scenarios.
Statistics!> show that Swedish consumption-based emissions in
2019 are attributed to transport services (20%), food consumption
(16%), housing (13%), and other products and services (11%) by
households, public consumption (11%), and public and private
investments (29%).

In this study, we have developed explicit, bottom-up simulation
models for passenger transportation, food consumption, con-
struction of buildings and transport infrastructure, and heating of
buildings and commercial spaces, see Fig. 5. The remaining
emissions are related to the consumption of other products and
services as well as private investments in machinery, electronic
equipment, etc. Scenarios for the remaining emissions are
estimated using a top-down approach based on data from the
environmentally extended multi-regional input-output model
Exiobase® (version 3.8.21°) and an expanded Kaya identity.
Each simulation model, described in greater detail in the
following sections and Supplementary Notes 1-7, is harmonized
with assumptions in line with the prospective lifecycle assessment
framework. We model the introduction of new technologies by an
S-curve (a so-called logistic function), if not otherwise stated,

based on the theory of diffusion of innovations?>%0. The results as
well as several of the scenario assumptions are given per capita
based on a population projection provided by Statistics Sweden®!.

Assumptions on the carbon intensity of energy use are
harmonized between the bottom-up simulation models to achieve
consistent background systems. The carbon intensity of energy
use covers both direct emissions from the combustion of fossil
fuels and emissions that occur in the extraction, production, and
refining of the respective energy carriers. End-use energy carriers
explicitly modeled are electricity, and liquid fuels (equivalent to
gasoline/diesel and jet fuel for aviation) based on fossil sources or
biomass.

We differentiate between electricity used in Sweden, Europe,
and globally. For each geographical region, the projected mixes of
electricity generation technologies used are based on analyses of
the Swedish Energy Agency??, the European Commission”3, and
the International Energy Agency®2. For Sweden, direct emissions
are assumed to reach zero in 2045 or 2058 (guided by when the
EU ETS reaches zero overall under the current EU directive?)
depending on the scenario. The carbon intensities used for
electricity represent averages for each respective geographic area
following the attributional nature of the chosen prospective
lifecycle assessment framework?1:%%. Adjustments have been
made to account for transmission and distribution losses.
Upstream emissions from maintenance in power generation
plants and fuel production are estimated for each technology
based on global averages for each of the two global decarboniza-
tion pathways®.

Specific carbon intensities from the combustion of liquid fossil
fuels are assumed for gasoline/diesel>* and jet fuel® for aviation.
Their upstream emissions are estimated based on global averages
for oil extraction and refining?® and an emission reduction
potential equivalent to halving refining emissions?”. The carbon
intensity of liquid biofuels used in gasoline/diesel vehicles is based
on the fuel sales in Sweden in 2019%8. The mitigation potential for
upstream emissions represents gradually switching to hydro-
genated vegetable oil from cellulose?4, reaching full market
penetration by 2070. The carbon intensity of liquid sustainable
alternative fuels (SAFs) for aviation varies with the feedstock. For
2019, the average carbon intensity for non-palm oil feedstocks is
assumed®, which gradually shifts to a level equivalent to
hydrogenated vegetable oil from cellulose?4, reaching full market
penetration by 2070.

Technology Carbon intensity
development of electricity use
A | Sweden |
Wi n
Car fleet, air travel and S " ede
Share of public transport system Reaching zero by
f tive 2045 in line with
{nnﬁva | . Food territorial targets
echnology In: Food systems
Sweden, EU b
| A and globally ousing Reaching zero by
Construction and Upstream 2058 in line with the
heating systems energy use
[ ] Demand Use-nh Global
P development se-phase Following global
! energy use pathways by the
Transport IEA
E Demand passenger-km per capita Global pathway:
« Global climate
growth animal- / plant-based transition
. - « Current trend and
g— Population Housing policies
projections m? per capita
Behavioral Oth Direct greenhouse
Shifts I gas emissions
Exiobase 3.8.2
Expanded
Kaya Identity

Fig. 5 Prospective lifecycle assessment framework. The figure shows how carbon footprints are estimated based on different scenario elements.
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The carbon intensity of district heating is based on key
environmental indicators provided by one of the Swedish district
heating companies!?®). We assume that the indicators are
representative of average Swedish district heating as the
company’s fuel mix!%0 is broadly in line with the Swedish
averagel0l,

Bottom-up: Explicit simulation models. Each simulation model
is based on statistics and projections on activity data for trans-
portation (i.e., passenger-km traveled for different modes), space
heating and construction (i.e., m? of living space, tons of mate-
rials, level of construction activity), and food consumption (i.e.,
kg of consumed foods). Demand assumptions are summarized in
Supplementary Table 1. The resulting levels of demand are pre-
sented in total and per capita in Supplementary Table 2 for
passenger travel services, Supplementary Table 3 for space heat-
ing, Supplementary Table 4 for construction, and Supplementary
Table 5 for food consumption. The methods used in each
simulation model are presented below and additional details are
provided in the respective supplementary notes.

The simulation model for Swedish air travel is based on the
method developed by Akerman et al.’2 and builds on carbon
footprint studies!0%103 using Swedavia Airports’ traveler surveys,
covering domestic, intra-EU and extra-EU air travel for Swedish
residents. The carbon footprint estimates cover emissions for the
entire trip and non-CO, effects of combustion at high altitude!4
in addition to the direct and upstream impact of fuel combustion
for air travel. Additional details on the air travel simulation model
are provided in Supplementary Note 1.

Long-distance public transport (above 100 km, excl. air travel)
simulations are based on estimates for energy use per passenger
km for different modes. Additional details on the long-distance
public transport simulation model are provided in Supplementary
Note 2.

Short-distance public transport (below 100km) simulations
combine activity data for bus, rail, and ferry (passenger-km) with
estimations for energy use per vehicle km and occupancy rates.
Energy use per vehicle-km and battery-electric bus diffusion is
estimated with a fleet turnover model for buses and fixed annual
efficiency increases for rail and ferry. Emissions from the
manufacturing and disposal of vehicles are also included, except
for ferries. Additional details on the short-distance public
transport simulation model are provided in Supplementary
Note 3.

The scenario analysis of Swedish passenger car travel is based
on the method developed by Morfeldt et al.>4, which has been
extended to account for self-driving cars and shared mobility. The
method builds on a stock-flow model of the vehicle fleet turnover
combined with prospective lifecycle assessment. Additional
details on the passenger car travel simulation model are provided
in Supplementary Note 4.

The bottom-up simulation model used to explore emissions
from buildings and infrastructure construction builds on work by
Karlsson et al.>®. Here the model has been further developed to
better describe sourcing of construction materials (i.e., domestic
production relative imports), changes in overall construction
activity, changes in the rate of new construction and the rate of
renovations and reinvestments. Additional details on the
construction simulation model are provided in Supplementary
Note 5.

Heating of housing and commercial spaces, and household
electricity use are modeled based on energy use statistics for
buildings!®® and  demographic  statistics on living
arrangements!?®197, The model estimates how the share in
energy carriers for heating different types of buildings will change

in the different scenarios, see Supplementary Fig. 1 for the base
year. Assumptions are made in response to the scenarios’
technology and behavioral change narratives for how the energy
use per area of space and the living area per person changes over
time. Additional details on the heating and electricity simulation
model are provided in Supplementary Note 6.

The carbon footprint related to food consumption is estimated
based on systems analyses®%%° of agricultural and agro-industrial
processes, estimating emissions from farm to store shelf.
Emissions related to the private transportation of foods and
storing/cooking are included in the housing and transport
simulation models. Additional details on the food simulation
model are provided in Supplementary Note 7.

Top-down: expanded kaya identity-linking with exiobase. The
bottom-up simulations are complemented with the envir-
onmentally extended multi-regional input-output model
Exiobase3® (version 3.8.21%) to provide estimates of the con-
sumption categories not covered by the bottom-up models and,
hence, estimate the total Swedish consumption-based GHG
emissions. Exiobase provides a consistent time series for 1995-
2022 for consumption-based impacts, e.g., emissions of GHGs,
and stressors, e.g., energy use, for different countries, including
Sweden. The data is provided in either symmetric Product-by-
Product input-output tables following the industry technology
assumption or symmetric Industry-by-Industry input-output
tables following the fixed product sales assumption®s. We use
the Industry-by-Industry tables since their definition, which
implies estimates of impacts related to each industry’s products
regardless of where in the economy they are used!08, is closest to
how our bottom-up-simulation models are structured. A con-
cordance table, see Supplementary Table 6, is used to allocate the
163 industries modeled in Exiobase to distinguish between con-
sumption categories explicitly modeled using bottom-up simu-
lations and categories modeled using the top-down approach
explained below. The boundary between the bottom-up and top-
down methods is straightforward to set for consumption cate-
gories closely related to the simulation models (e.g., supply of
food items, supply of transportation services, and construction
activities). In addition, allocations have been made based on
country-specific parameters for the manufacturing of vehicles,
chemicals, wood products, energy carriers, membership organi-
zations, and services, see details in Supplementary Table 6.

Scenarios for the remaining industries, see results of the
allocation in Supplementary Fig. 3, are designed based on the
following method.

We formalize the scenario assumptions by simplifying an
expanded Kaya identityS:

GNP, FE,

top top

GNP,

top

TFC
FE

GNP FE_PE PEy TFC NFC . .
P GNP FE PE PEy TFC bowom P

top

C=P

)
top

M

where C is total GHG emissions, P is population, GNP is the gross
national product, FE is final energy use, PE is the primary energy
use, PEgg is primary fossil fuel energy use, TFC is the total fossil
CO,-equivalent emissions, and NFC is the CO,-equivalent net-
emissions after accounting for carbon dioxide removal. We
simplify the expression since we do not explicitly consider carbon
dioxide removal, and we base the emission factor on final energy
use, rather than primary energy use, see right side of Eq. (1). The
subscripts bottom and top denote the consumption category
coverage by the bottom-up simulation models and the top-down
approach, respectively.

The model assumes that population growth follows Swedish
official projections’! and economic growth per capita (ie.
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increase in GNP/P) is assumed to be 1.4% per year (based on the
average during 2022-2030 according to a Swedish official
prognosis!?®®). The energy intensity of economic activity
(FE/GNP) is assumed to follow historic global trends for
1995-2014 of 1.83% per year reduction, as estimated by Koomey
et al.>3, in the scenarios presented in the main paper. Two
extreme cases (presented in Supplementary Figs. 3, 4) are used to
test the sensitivity of this assumption—assuming no reduction or
4.5% per year reduction, which is in line with the energy
efficiency improvements assumed in global low energy demand
scenarios!10 for achieving the 1.5-degree ambition of the Paris
Agreement. The economic growth per capita (GNP/P) and energy
intensity of economic activity (FE/GNP) for the consumption
categories simulated using the top-down approach are assumed to
develop in line with the economy at large.

The carbon footprints for the consumption categories not
covered by the bottom-up models are estimated by using energy
use data from Exiobase!® for the base year for aviation, maritime
and road transport, and non-transport energy use activities in the
supply chain of those consumption categories. The total fossil
CO,-equivalent emissions per final energy use (TFC/FE) are
estimated based on the assumption that these consumption
categories mainly cause emissions abroad and that carbon
intensities develop in line with average global industries. We
assume that aviation and maritime transport activities correspond
to international trips outside the EU. The assumptions on
aviation activities follow those described for international trips in
Supplementary Note 1 except for increased energy efficiency since
this factor is covered by the energy intensity of economic activity
(FE/GNP) parameter described above. Road transport activities
are assumed to mainly occur within the EU and are assumed to
be made using conventional trucks in the global pathway in line
with current trends and policies. In the global climate transition
pathways, we assume that 50% of the fleet will be fully electric by
2045, in line with scenarios for fast-paced electrification of
transport®3, following an S-curve that reaches 100% by 2070.
Non-transport energy use activities are assumed to consist of
mainly heat and steam production used in global manufacturing
industries. The base year energy use is assumed to be 28%
electricity use and 72% fossil fuels based on the share of energy
carriers in global industry energy use!!l, and the industrial energy
use is assumed to follow an S-curve that fully shifts to electrified
processes by 2070 in the global climate transition pathway.

Data availability
Data for all figures and the concordance table (Supplementary Table 6) are available at
Zenodo (https://doi.org/10.5281/zenodo.8305754).

Code availability

The computer code used to generate the results reported in this study is available from
the corresponding author upon request. Exiobase3® (version 3.8.215) was downloaded
and analyzed using the pymrio!!2 tool (version 0.4.7).
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