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Abstract

Analyzing distributional effects on vulnerable sections is important for enhancing national mitigation ambition
by supporting social objectives. In contrast to existing studies based on single representative households and
cost optimal mitigation pathway archetypes, we assess the impacts on national energy priorities and household
energy burdens for diverse mitigation pathways to similar climate outcomes, in a consistent framework. We
model 17 mitigation pathways varying by pace, technology choices, demand side mitigation options and global
effort sharing principles using an integrated assessment model. We examine short & long-term distributional
impacts on national energy goals (access, affordability, sustainability, efficiency and security) to identify
pathways which offer co-benefits across multiple objectives in 32 global regions. Next, we downscale the
impacts to the household deciles in India & the US using household survey data & future income distribution
projections, to scrutinize the residential energy burden change for each pathway relative to the business-as-
usual scenario. Our results show significant regressive impacts on access and affordability for most mitigation
pathways, except those dominated by demand side mitigation approaches and non-CO2 emission reductions.
One of the key findings is that the mitigation pathway choice and design matters for just transition goals and
bespoke pathways provide scope for synergies and progressive impacts. We also establish that technology
solutions are unable to redress pre-existing inequities and should be complemented with other support policies
for the vulnerable. Our work contributes to the scholarship on the need for improved representation of
heterogeneity in energy-climate models and offers policy relevance — showing the importance of underlying
systemic changes to achieve social & climate goals together. We also demonstrate that consideration of
capability and historical responsibility are essential to achieve truly just transitions for the most vulnerable and
the use of grandfathering narratives to protect the affluent exacerbates inequities and deprivileges the

vulnerable.
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1. Introduction

Despite the announcements made at the Conference of Parties (COP-26) at Glasgow last year, the current
climate pledges may still fall short of the challenge to keep warming below the Paris Agreement goal of ‘well
below 2 deg. C' (Ou & Iyer et al. 2021, Rogelj et al. 2021, UNEP 2021, Hohne et al. 2021). Though national
governments are publicising long-term pledges to ramp-up mitigation ambition, accelerate decarbonization and
achieve net-zero emissions, the changes implied by these targets are potentially far-reaching, involving not only
the production of energy, but also its delivery & use. Such energy transitions are unlikely to be a “well-lubricated
slide from one reality to another” (Yergin 2021). Whilst historically, energy transitions which involved mere
“energy additions” (inclusion of hew energy sources over existing options) have been complex and hardly swift,
the coming energy transition could be further convoluted and involve “energy substitution” as well as demand

pattern changes across commodities.

Mitigation and adaptation actions have been conceptualized as a risk transference between communities
(Sovacool et al. 2015). Such transition risks could be unequally distributed (Gambhir & George et al. 2022) and
fundamentally alter the nature & viability of many economic activities. Current development pathways have
created behavioral, spatial, economic and social barriers (IPCC 2022a), and near-term choices to be made by
policymakers, citizens, the private sector and other stakeholders will influence the risk distribution in different
pathways. Identifying the bearers of such risks, or the winners & losers of climate action, is important for
making low carbon transitions just, equitable and politically ‘smooth’, and this aspect has been an increasing
focus of research and literature in the last decade. There is mounting recognition of the need to view climate
change as matter of social justice & equity (NAS 2021), as well as growing acknowledgement of the limitations
of energy-climate models which under-represent opportunities for behavioural changes to enhance the quality
of life in low-carbon societies (Creutzig et al. 2018). It has been argued that incorporating distributional equity
dimensions in energy-climate models remains hard (Peng et al. 2021). Equity is still central for the ratcheting
process and when discussing the adequate magnitude of climate finance & support (Robiou du Pont et al. 2017)
and the perception of co-benefits from mitigation action alone being sufficient to raise and implement climate
action has been a non-starter (Chaturvedi et al. 2021, Rao 2022).

The IPCC (Intergovernmental Panel on Climate Change) does note that an agreement seen as more equitable
can lead to more effective cooperation (IPCC 2014). More recently, it suggested that mitigation efforts
embedded within the wider development context can increase the pace, depth and breadth of emissions
reductions (IPCC 2022a). However, maximizing such synergies and avoiding trade-offs poses particular
challenges for developing countries and vulnerable populations with limited institutional, technological and
financial capacity, and with constrained social, human, and economic capital. There remain innumerable gaps

in our collective understanding of how deep the inequalities associated with the energy transition might be,
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exactly who is on the frontlines of the impacts, what structures exist or are needed to protect them during the
transition and what effective policy making would mean for different communities. The complexity of the debate
is evident when the IPCC suggests equity and ethics as both a ‘driver and constraint’ on mitigation ambition
(IPCC 2022b). An optimal trade-off between mitigation costs and damage costs of climate change depends on
ethical considerations and weights assigned to different priorities by different actors, and simulations from
integrated assessment models using different ethical parameters producing different optimal mitigation paths
(IPCC 2022b, IPCC 2018, Roy et al. 2018). Distributions perceived to be unfair are less likely to be accepted,

even if there are consequences or costs of non-acceptance (Gampfer 2014).

Though results from existing energy-climate models have framed the narrative around ‘winners and losers’, ‘co-
benefits and trade-offs’ where climate & social development goals are seen in a contradictory perspective, the
literature also suggests the possibility of a sustainable development space (van Vuuren et al. 2022), which could
enable strategic entry points for supporting mitigation by focusing on selected social goals. It has been shown
that pathway specifics influence the distribution of transition risks (Gambhir & George et al. 2022). Can we,
then, design or conceptualize pathways to limit these risks and achieve development objectives? These
considerations have long been embedded in international climate agreements through concepts such as
common but differentiated responsibilities and intergenerational equity but are also reflected in recent proposals
like the Green New Deal (Galvin & Healy 2020, Green New Deal 2019) and Build Back Better (White House
2022, Build Back Better Act 2021). These proposals specifically embed equity and social justice within climate
change mitigation goals and emphasize commitments to job training and economic development support for
individuals and communities that might be adversely affected by a transition to new sources of energy. These
efforts also point to an increasingly “bottom-up” or sub-national nature of climate action, against the usual top-
down global policy approach. These efforts employ issues around equity, jobs, energy security, energy access
and national security to drive climate mitigation progress, instead of the framework using climate as the entry
point to deal with equity issues. The consideration of these collateral dimensions or impacts of climate mitigation

policy all fall into a broader conceptualization of energy transitions around “just transitions” to a green economy.

These considerations drive the framing of my overarching research question: How best can we deliver on

socletal and climate goals?

Whilst the trade-off between climate action and development goals, such as near-term poverty reduction or
energy access and affordability, is a familiar theme based in part on results from existing energy-climate models.
It is often assumed that a pathway to a stringent climate target such as limiting end-of-century global mean
temperature rise to 1.5°C would cause the burden of a global & national mitigation to fall on the poorest and
most vulnerable sections. However, these results ignore the possibility that bespoke pathway design and

selection can be used in progressive ways to generate immediate net benefits for the vulnerable.
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Despite continually growing evidence of the skewed distributional impacts of climate change mitigation policies,
there is little research quantifying the potential consequences of alternative pathways to the same climate goal.
Are all pathways to the same climate goal created equal and lead to similar impacts across geographies and
vulnerable populations? Which aspects of pathway design could intensify impacts on the vulnerable and which
facets may lead to more progressive outcomes? How would this shape impacts across multiple energy goals
and hence, pathway choices for different regions? Is it even possible for any pathway to achieve better social
outcomes and less environmental impacts, whilst keeping the global economy size unchanged? These are big

questions which can be addressed in many ways.

Instead of considering the dominant or representative climate mitigation scenario to 1.5 or 2°C mean
temperature rise, we scrutinize the implications of multiple pathways varying by technology, pace, regional
mitigation effort share and demand side shifts. A scenario ensemble would provide more robust insights than
outcomes based on single pathways (Guivarch et al. 2022). Following the predominant archetype might not
only turn out to be a risky policy in terms of distributional consequences for the most vulnerable, it may also
limit national climate ambition through the amplification of narratives around a false choice between climate &

development goals.

Here, we seek to make a simple & novel contribution - modest in its approach, but novel in the quantification

of impacts and consequences on regions and income strata.

2. Current Literature

Existing scholarship around dimensions of UN Sustainable Development Goal, SDG-7 (which relates to achieving
the goal of ‘clean & affordable energy for all’), has often sought to examine regional impacts though a synergies
and tradeoffs narrative (Iyer et al. 2018, Dagnachew et al. 2018, Jewell et al. 2014, Cherp & Jewell 2016).
Another flank of the literature examines universal household energy access pathways or attaining part of the
SDG-7 metrics at a global (Poblete-Cazenave et al. 2021a, Grubler et al. 2018, Soergel et al. 2021, Rao et al.
2019, Pachauri et al. 2013) or regional levels (Cameron et al. 2016). Some recent work has also examined the
role of material requirements for meeting energy needs and the role of affluent sections in driving demands
(Millward-Hopkins et al. 2020, Millward-Hopkins 2022). Projections of household energy use have been made
assuming attaining higher living standards in developing countries (van Ruijven et al. 2011, Daioglou et al.
2012, Krey et al. 2012), or aspects of curtailment of consumption and income (Umit et al. 2019). Streimkiene

et al. (2019) provides a comprehensive review of energy poverty impacts of climate policies in the EU.

There has been growing interest to apply energy-climate models and include more fine-grained analysis at
smaller spatial & temporal scales, whilst also addressing broader social objectives such as the SDGs. Since policy
design would require targeting subgroups for social protection or support, without which mitigation options can

worsen poverty by increasing energy prices and making decent living standards out of reach for some
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households. The results for the average representative household in region conceal the implications for the
most vulnerable households. This fact has been highlighted in recent papers seeking to suggest ways to
incorporate poverty & equity dimensions in climate change and specifically, Integrated Assessment Models or
IAMs (Rao & Wilson 2022, Klinskey & Winkler 2018). Models of energy systems have generally not considered
income distribution, and implicitly operate on the basis of a single representative household (Rao et al.2017,
van Soest et al. 2019, Oswald et al. 2021), assuming that differences would balance out in the aggregate. Some
studies have examined efforts to integrate income distributions in general equilibrium models in energy system

scenarios (van Ruijven et al. 2011, 2015), yet energy demand is typically income-granular after the simulations.

In general, studies more explicitly addressing the implications of heterogeneity amongst regions and
representative households for energy demand are rare. There have been very few distribution focused studies.
Cameron et al. (2016) was amongst the first efforts to incorporate income classes and household characteristics
(rural/ urban) with IAM results and showed the implications of clean cookstove access on climate goals in South
Asia. In another recent study, Poblete-Cazenave et al. (2018, 2021a, 2021b) took a significant step forward by
incorporating income distributions within an IAM (MESSAGEix) and examining the energy consumption levels
under different mitigation scenarios by income strata. Sampedro et al. (2022) was another recent effort to
include income distribution as quintile classes for a single region (USA) in the GCAM IAM. All of the above
studies concluded that incorporating the effects of heterogeneity influences modelling outcomes on energy

consumption behaviour across socioeconomic levels.

Despite the wealth of literature, there is no exploration of the equity implications of different pathways to the
same climate goal. Whilst hitherto rare studies such as Poblete-Cazenave et al. (2021a) do report important
findings, the pathway choices only vary across the SSP 1-3 dimensions and do not account for the variations in
transition pace, technology choices on the supply or demand side changes, or even the distribution of mitigation
burden across regions. Whereas the objectives of these previous studies modelling distributional impacts of
mitigation pathways are laudable, the approaches reflect a selection of scenarios which ultimately assume a

biased distribution of the mitigation burden in favour of wealthier, higher-emitting countries.

Likewise, there is little literature examining the share of household spending on energy needs relative to its net
income, often known as the household energy burden (Drehobl & Ross, 2016; Drehobl, Ross & Ayala 2020).
The share of household income spent on essential goods could rapidly increase under mitigation scenarios
involving changes to subsidy levels or a carbon tax and have extreme impacts for the most vulnerable
households. Previous studies have all focused on the levels of consumption (joules) and have not been extended
to measure the effect that a household actually faces in terms of expenditure ($) and the concomitant impacts

on other choices that the vulnerable households have to make.

Further, while SDG-7 attainment has been a focus, it has often missed the fact that objectives within an SDG

could have synergies and tradeoffs as well. These can vary by region or pathway choices. For example, the
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aspects of energy sustainability or clean energy could impact energy affordability, access or energy security. It
has been posited that an ‘energy trilemma’ exists and there are conflicts between energy security, social impact
and environmental sensitivity (Carbon Brief, 2013). This concept has also been explored as an impossible energy
trinity recently (Thaler & Hofmann 2022), positing that some regions may be better suited than others in an
energy transition. Most regions would have 3 options to cope with the transition while ensuring energy access:
a '‘dirty option’ sacrificing sustainability, an ‘expensive option’ compromising energy affordability, and an
‘insecure option’ relinquishing energy sovereignty. This energy trilemma hypothesis is again based on
representative pathway results in IAMs and the results could vary by pathway design, and the distributional

outcomes could further vary by regional context in each case.

We present a more detailed literature review in Supplementary Information (Section 9.1) on the broader set of

societal goals, such as SDGs, and their linkages with climate mitigation pathways.

3. Research Questions & Contributions

Despite progress in the last decade, over 573 million people in many areas of the globe and especially in sub-
Saharan Africa have no access to electricity (UN 2019). Almost three billion people remain without access to
clean cooking in 2017, posing health and socioeconomic concerns. Under current and planned policies, the
number of people without access would be 2.2 billion in 2030 (UN 2019). The world is falling well short of
meeting the global energy targets set in the SDGs for 2030. Whilst climate change remains an imperative or

III

singular “existential” question for the developed world, many developing regions struggle with other existential

questions and for them, it's a question of “energy transitions” — plural (Yergin 2021).

Given this underlying reality and the overarching research objective to examine different mitigation pathways
to achieve both climate & societal development goals together, we outline two specific research questions (RQs)

which we seek to address through this work:

RQ-1: What are the co-benefits and trade-offs of different 1.5°C pathways across SDG-7 goals and national
energy priorities?

RQ-2: What is the impact of different 1.5°C pathways on household energy burdens across different income
tiers?

The first question relates to average impacts for a given region and representative household (i.e the spatial
distributional impacts), while the second question examines the downscaled impacts or distributional impacts
by income strata. In both cases, we intend to examine the temporal effects as well, considering not just the

short-term (2030) effects, but also the longer-term (2050) consequences.

We contribute to addressing the identified gaps in existing literature along multiple dimensions. Firstly, the

exploration of distributional impacts of multiple pathways to 1.5°C varying by pace of transition, technology
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choices, demand side changes and global effort sharing is a key contribution. Despite the rapidly growing
number of studies which explore the distributional consequences of mitigation policies across & within regions,
there is little research which estimates how mitigation pathway choices can affect outcomes for the vulnerable
regions and societies, and consequently their mitigation ambition. This is an important oversight as many of
the arguments on trade-offs between climate action and development goals could be impacted when transition
risks are really dependent on region, technology choices & socioeconomic dimensions within pathways. As the
pandemic showed, slight shifts in socioeconomics could negatively affect clean energy goals (Pachauri et
al.2021). Further, existing optimal climate policy calculations which have a built-in bias implying costs to the
poorest regions and intergenerational trade-offs in well-being (Nordhaus 2007, Stern 2008, Budolfson et al.
2021) and changes to the global mitigation effort distribution can have implications for just transitions where

they are most indispensable.

Indeed, the possibility of alternative pathways which could upend the narrative of intractable compromises of
climate policy. The IPCC Special Report states this succinctly: “very little literature has formally examined
distributions under 1.5°C consistent mitigation scenarios” (IPCC 2018). The societal impacts of multiple
pathways to a certain climate goal could vary and analysis based on existing archetypes are fraught with skewed
assessments of the energy burdens on households. Whilst few studies have incorporated different pathways &
representation of heterogeneity remains an ongoing effort, these aspects have been considered distinctly and

we bring the two streams together.

Secondly, we build on the existing literature on energy consumption by income strata and extend it to consider
the household energy burden within those strata, and we argue that it is a better representation of the actual
impacts felt by the vulnerable. Thirdly, we examine the synergies and trade-offs within an SDG and against

other national energy priorities for different pathways and scrutinize the context dependency by region.

4. Methods

Despite the discernable limitations in existing IAMs to represent heterogeneity and distributional impacts, we
use an approach employing IAMs in combination with household survey data to answer the two research
questions. Since the IAM scenarios feature in the periodic IPCC reports on the state of science and are widely
used by different stakeholders such as policymakers, finance & development agencies and researchers to
understand implications of future climate policies, they play an important supporting role to assess and track
the impacts on social objectives & emission reductions. Secondly, IAMs also model the interlinkages of energy-
water-land requirements between different sectors and how they are impacted by different pathways, multiple
sectors and corresponding household choices. Thirdly, IAMs offer the benefit of a consistent framework for

comparison of the outcomes, whilst remaining tractable with the climate goal.
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The scenarios in this study use GCAM (Global Change Analysis Model), an IAM developed by the Joint Global
Change Research Institute of the University of Maryland and the Pacific Northwest National Laboratory. GCAM
is an open-source, technology-rich model of the energy, economy, agriculture and land use, water, atmosphere
and climate systems (Calvin et al. 2019). GCAM is a 5-yr time step, dynamic-recursive market equilibrium model
which represents the global economy by disaggregating the world into 32 geopolitical regions, 235 river basins
and 384 agro-ecological land-use regions. Apart from featured modeling results in each IPCC report and the
SSP representations (Calvin et al. 2017), GCAM has been used extensively for a wide range of applications to
explore the implications of changes in key driving forces such as technology and economic growth on national
and international policies and pathways and inter-model comparison studies (Wise et al. 2009, Iyer et al. 2018,
McCollum et al. 2018, Bertram et al. 2020).

GCAM ver.5.4 (JGCRI 2022a), as used in this study, is calibrated to a historic base year (2015), with trajectories
to different temperatures in these scenarios specified using fossil fuel and industry CO> constraints (and GHG
constraints, in the case of NDCs). All emission constraints are assumed to begin in 2025 (except for the NDCs,
which begin in 2020). GCAM uses assumptions about population growth and changes in labour productivity,
along with representations of resources, technologies and policies, and solves for the equilibrium prices and
quantities of various energy, agricultural and CO2/GHG markets in each 5-yr model period from 2015 (the
calibration year) to 2100 at different spatial resolutions. Primary energy (that is, coal and other fossil fuels),
agricultural products and biomass are traded globally. GCAM calculates the CO: prices required to meet the
emissions constraint imposed in each model period. Land-use change emissions are in addition to the constraint
and their price is determined as an exogenously specified proportion of the fossil emissions price. This is done
because, whereas fossil fuels are largely a market commodity, much of the land use and agriculture occurs

outside of regulatory frameworks in many countries.

GCAM tracks emissions of 24 GHGs, aerosols and short-lived species endogenously on the basis of the resulting
energy, agriculture and land systems activity. Emissions can then be passed to the climate—carbon cycle module
— Hector (JGCRI 2022b, Hartin et al. 2015) and converted to concentrations, radiative forcing, temperature and
other responses to the climate system. Further descriptions of other GCAM v.5.4 model specifications (and other
releases) can be found in the online GCAM documentation (JGCRI 2022a).

The modeling effort for this work focuses on the buildings sector in GCAM, which disaggregates it into residential
and commercial sectors and models three aggregate services (heating, cooling, and other). Within each region,
each type of building and each service starts with a different mix of fuels supplying energy. The future evolution
of building energy use is shaped by changes in (1) floorspace, (2) the level of building service per unit of
floorspace, and (3) fuel and technology choices by consumers. Floorspace depends on population, income, the
average price of energy services, and exogenously specified satiation levels which relate to the income elasticity
of demand. GCAM also includes the option to specify floorspace exogenously. The level of building service

demands per unit of floorspace depend on climate, building shell conductivity, affordability (relating to price
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elasticity of demand), and satiation levels. The approach used in the buildings sector is documented in Clarke

et al. 2018, which has a focus on heating and cooling service and energy demands.

4.1 Scenario choices

We model a broad array of 17 pathways (Table 1) to the end-of-century climate goal of 1.5°C (£2%), which

vary by pace of transition (the global net zero CO2 emissions attainment year), technology choices, and demand

side changes. Apart from these cost-optimal pathways which assume the existence of a global carbon market,

we model pathways with regionally disaggregated carbon markets and differential effort sharing as a fourth

category of pathways. The specific assumptions and input file changes relating to the technology pathways and

demand side pathway are listed in the Supplementary Information (Section 9.2).

Table 1: L/st of scenarios modelled in this study

Scenario Criterion Pathway Short description
set name
I Reference BAU The ‘business as usual’ or ‘no new policy’ scenario, the
standard SSP-2 implementation in GCAM including Covid-19
GDP impacts
II Pace of transition | NZ2040 Achieving global net zero CO2 emissions in 2040
NZ2050 Achieving global net zero COz emissions in 2050
NZ2060 Achieving global net zero CO2 emissions in 2060
III1 Technology RE High preference and advanced, cheaper renewable energy
choices (wind, solar, geothermal)
CCS/NUC | High preference and cheaper CCS (Carbon Capture &
Sequestration) and advanced nuclear technologies
DAC Moderate levels of direct air capture technology (5 GtCOZ)
ELE Increased preference to electrification in buildings, industry
& transport
NTB Complete ban on use of traditional biomass in residential
services
v Demand side | BEH Behavior changes & societal transformation (dietary shifts,
changes demand reduction, transport behavior, smaller houses)
(George et al. 2021)
ALL A scenario using a combination of all mitigation options
from the supply side (high RE + low NUC + high ELE +
constrained bioenergy), along  with  significant
improvements on the demand side (HFC reductions +
higher efficiency in all sectors + improved agri. Practices +

www.iiasa.ac.at
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assumptions in the BEH scenario) (George & Gambhir et al.
2022, ClimateWorks Foundation 2020)

\'} Regional effort | CO Based on the ‘least cost principle’, a cost optimal pathway,
sharing SSP 2 to attaining 1.5°C in 2100
CAP-A Variant based on Capability Principle, staged net zero based

on GDP/cap. relative to Brazil's 2050 level.

CAP-B Scenario variant based on the Capability Principle, net zero
year immediately on attaining GDP/cap. PPP exceeding
Brazil's 2050 level

Sov Based on the Sovereignty Principle with nations free to
determine their commitments, which we base on their
stated NDC pledges at COP-26 and continuing at similar

rates of reduction for all regions so as to meet 1.5°C in 2100

GF Based on the Grandfathering Principle, future emission

rights & responsibilities based on 2015 levels

RESP Based on the Historical Responsibility principle, cumulative
per capita emissions since 1850 accounted against global
carbon budget and corresponding financial transfers in a

global carbon market

The regional mitigation effort sharing principles were adapted from van den Berg et al. (2019), as far as they
relate to capability, grandfathering rule, sovereignty & historical responsibility. It is important to note here that
relative to grandfathering, the ‘ability to pay’ or ‘capability’ pathways may have somewhat more defensible
bases. We adopt two approaches to the Capability Principle, (a) CAP-A is a gradual transition period with regions
moving their net zero attainment years ahead by 5-10 years based on per capita GDP and (b) CAP-B is an
immediate enhancement to the net zero goals based on per capita GDP. Brazil's GDP/cap. Was chosen as the
reference level since it was the lowest on PPP basis amongst all the regions with a net zero emissions target
year of 2050. The concession in the first approach is rationalised on the basis of avoiding technically implausible
reduction rates (Robiou du Pont et al. 2017). With the rapid decline in the global carbon budget, a slow shift to
net zero emissions does imbibe elements of grandfathering and a bias against poorer and lower-emitting

countries and hence we also consider the implications of the second approach as well.

Further, unlike many studies which exclude or discount the consideration of the Responsibility Principle — that
the largest contributors to global GHG concentrations must do the most to reduce their emissions, we emphasize
this key principle of common, but differentiated responsibilities cited in the Rio Convention and the UNFCCC.
This pathway is modelled based on the cumulative per capita emissions for each region since the dawn of the
industrial age (1850) and an equivalent financial transfer from the regions with negative carbon budgets to

those with positive balances.
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4.2 Approach: Pathway interactions with regional energy priorities

For each mitigation pathway, we examine the relative impacts for different regions across the 4 dimensions of
SDG-7 targets (access, affordability, clean energy, energy efficiency). Whilst nations strive to address the
interactions within these SDG-7 dimensions and climate policy, they also have to contend with the energy
security dimension. Energy security concerns have increasingly dominated the energy policies due to recent
geopolitical events such as the Russia-Ukraine conflict and the cascading effects it has had on global energy
supply chains. We, therefore, consider energy security to be an intrinsic, inseparable and unstated dimension
of SDG-7 as in Iyer et al. (2018) and Jewell et al. (2016). We limit this analysis to the sovereignty perspective
of energy security, which relates to the degree of control that national governments have over energy systems
and is rooted in historic and recent events such as embargoes by powerful actors. We acknowledge that
alternate interpretations of energy security exist in the literature, such as diversity or reliability of supply.
Different trade modeling paradigms could also lead to different estimates of imports/exports even in the same
set of scenarios and the framework within GCAM could affect those results. Trade in other fuels (e.g.,
bioenergy), technologies (e.g. solar cells) may be important in future. Thus, we consider 5 national energy

priorities to be attained by each pathway (Figure 1) and assess the effects for multiple global regions.

SDG 71
Access

) SDG 7
Security Affordability
National energy
goals
Sho7s SDG 7.2
Efficiency Clasn
energy

Fig. 1: The 5 national energy priorities considered in this study, based on stated and implicit SDG-7 goals

Whilst several metrics have been used in the literature for each of these energy goals, we apply the set of
indicators listed in Table 2. These indicators, although not extensive, are broadly representative of the central
dimensions sought to be achieved under each goal. We analyze the results for 2030 (near term) & 2050 (long-

term) across all 32 geographical regions in GCAM. All results are shown relative to the benchmark or “no new
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policy” scenario. The synergies and tradeoffs are measured as the ratio of the given metric in the scenario to

that of the metric in the benchmark or reference scenario.

Table 2: National energy goals and corresponding metrics

National energy goal Metric/ Indicator chosen for this study

Access Share of residential energy from non-solid fuels (natural gas, LPG, biofuels,

electricity etc.)

Affordability Share of average annual household income spent on residential energy needs
Clean energy Share of renewable energy in the residential electricity mix
Efficiency The primary energy intensity of GDP, assuming average fossil efficiency for other

primary energy sources

Security Share of energy imports in annual regional consumption

The share of non-solid fuels in residential energy use demonstrates the access and shift to modern and cleaner
cooking options in any given region. While this involves a normative determination of the relative “cleanliness”
of each source, especially those which may be derived from petroleum sources, given the current consumption
mix in the least developed regions of the world which includes significant amounts of traditional biomass (twigs,
cow dung, wood, copra, other residual biomass etc.) or other solid fuels such as coal, we believe measuring
non-solid fuel usage would be ideal. Though considering electrification alone may be desirable, most of the
Global South is still quite distant from the leap to electric cooking and current access policies are often directed
towards liquified petroleum gases or other liquid fuels derived from fossil fuels. Conventional access metrics (as
in the SDG 7.1) define access in terms of number of connections, which may conceal true availability and ability
to consume. Also, measuring connections would restrict the choice to few fuels and is not tractable from IAM

results anyway.

We use the share of household spending on energy relative to income to measure affordability instead of the
usual metrics like fuel prices. The fuel price conceals the level of household consumption which matters in the
overall burden faced by the household. This is also in line with other energy poverty or energy burden metrics
which use a greater than 5 or 10% spending threshold to imply energy poverty. We do not specifically employ

the threshold here since the limits are dependent on regional context.

The quantum of clean energy is measured based on the share of renewable energy sources in the electricity
mix. We restrict the analysis here to electricity and not all fuels used in residences since the share of biofuels
is exceedingly small relative to other options such as natural gas or those derived from petroleum refining, even
under these mitigation scenarios. Since increasing electrification and share of renewable energy sources
(including wind, solar, hydro, geothermal etc.) is commonly associated with increased mitigation efforts, and
the exclusion of other minor fuels does not meaningfully affect the analysis here, we believe this metric is

justified.
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Energy efficiency measurements and metrics can vary by the type of application & sector and a generally
acceptable definition is not available to account for different contexts. Here, we adopted the specific definition
in SDG 7.3 which relates to energy intensity of GDP, with higher energy intensity implying lower efficiency. This
metric has also been used in NDCs of major regions such as India and presents a “30000 feet” view of the

direction of energy efficiency at the national level.

We include the share of imports as a metric for energy security as it is often understood in the context of energy
sovereignty. Whilst alternate definitions of energy security have been discussed in other works, for the limited
purpose of this analysis and given the importance of this aspect in the current geopolitical context, we trust this

metric is not just reasonable, but also warranted.

4.3 Approach: Pathway interactions with household income tiers

Since the average household effect in a region would rarely represent the actual distributional effects, we next
explore the equity dimension using contrasting case studies of the United States of America & India using
household survey data in combination with IAM outputs. Both are large economies and significant contributors
to carbon emissions, in different stages of development, resource sufficiency and technology choices and
provide critical & contrasting case studies of how distributional impacts can vary by pathway. Both countries

are also absolutely indispensable to the GHG mitigation efforts.

For the US, we use the well-known RECS — Residential Energy Consumption Survey 2015 conducted by the US
Energy Information Administration (EIA 2022). The data for the most recent survey is still to be released and
hence the choice of the last available survey. For India, we employ the nationally representative and detailed
India Human Development Survey or IHDS-II (Desai & Reeve 2018). Again, we had to use survey data from
2011 since more recent data with similar granular detail and surveys at nationally representative scale were not

publicly available.

For each of 17 pathways varying by pace of transition, technology & socioeconomic challenges to mitigation,
we showcase the differences in access and affordability for households in different income deciles. For this, we
use a lognormal distribution & projected Gini coefficient from Rao et al. (2019), additionally accounting for the

mitigation costs & additional changes to household food expenditures as done in Soergel et al. (2021).
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Fig. 2: Flowchart of approach to RQ-2, from downscaling scenario results in combination with income
distribution and household survey trends

We include the effect of food expenditures since it is one of the essential household needs for many regions
and since the outcomes can be measured in this IAM. The analysis is performed for each income decile in India
& USA and results are reported as change in household energy burden (viz. share of net income after food
expenditures that the average household in each income decile spends on residential energy services), relative

to the benchmark scenario.

(Expenditure on energy needs)
(GDP
cap

Household energy burden =

) — (expenditure on food) E-1)
We recognize that this approach to downscaling based on the current distribution of energy consumption in
household surveys could miss households without any access to modern energy services and the choices they
may make between different fuels for services such as cooking. Whilst it is currently not possible to use a
detailed household choice model in IAMs, we perform a sensitivity analysis for additional heterogeneity
parameters and behavior trends by income strata. This additional analysis for both India & USA incorporates
more diversity in household types. The details of this approach and corresponding indicative results are shown
in the SI (Section 9.3-9.5).

5. Results

The mitigation scenarios listed in Table 1 were modeled in GCAM and were all able to attain the 1.5°C goal in
2100 (Fig. 3). However, each scenario had differing trends in residential fuel prices and consumption levels,
which would lead to divergent trends in consumption and spending levels for households in each income tier.
A representative trend of these variations for electricity and gas prices in India & USA is shown the panel (Fig.
4 a- d), where observe that demand and supply changes, differing income & price elasticities together affect
fuel prices. It is interesting to note here that pathways involving demand side shifts (BEH & ALL) tended to

have lower energy prices relative to cost optimal pathways or those dominated by other technologies.
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goal in 2100 with mid-century overshoots in-line with existing literature. Panel (a) represents scenarios with
changes to pace of transition. The scenario with net zero CO> emissions attained in 2070 was unable to meet
the 1.5C goal. Panel (b) represents scenarios varying by technology and demand side responses, while panel
(c) shows temperature rise trends for pathways differing by regional effort sharing levels. The dotted line
represents the continuing NDC pledges based on COP-26 announcements, which falls short of 1.5C goal.
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An important aspect to note here is that these changes in residential energy fuel prices lead to not just a
consumption reduction, but also a shift between fuel options depending on demand price elasticity for each
application and fuel, apart from household income levels. An example is India — higher mitigation costs lead to

an increase in traditional biomass consumption in a 1.5C scenario against the reference scenario (Fig. 5)

12 65%
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Fig. 5: The left panel shows the residential energy fuel consumption in India for the reference scenario while
the right panel represents the same for the cost optimal mitigation pathway to 1.5 deg. C. The arrows
indicate the share of traditional biomass in total residential energy consumption, which increases from 53.5%
in the reference scenario to about 65% in the mitigation scenarfo. This implies a shift towards non-solid &
poorer fuels due to affordability issues. Whilst these results are for the average or representative household,
fuel choices would vary by income tiers since the demand price elasticity would vary by fuel, application and
income levels.

5.1 Spatial distribution of synergies & trade-offs in national energy
goals

We demonstrate and discuss the results for the 4 major regions (USA, EU-15, China & India) in this section
(Fig. 6 a-c) and supplement these observations with additional results for other developing and underdeveloped
regions of interest in the SI (Section 9.6 shows results for South Africa, Western, Eastern & Sub-Saharan Africa,

Indonesia & Brazil).

Across any 1.5°C mitigation scenario varying merely by pace (Fig. 6(a)), the burden of mitigation falls
overwhelmingly on the developing regions. The countries in the Global South face significant compromises on
energy access & affordability as well, implying a double whammy of sorts relative to the BAU case. In contrast,
there are no effects on the access dimension for the Global North. As expected, slower pace of transition reduces
the level of interlinkages. Admittedly, the key trade-offs in US & EU-15 relate to affordability aspects of energy
services. The shift towards cleaner energy sources in mitigation scenarios leads to obvious co-benefits on SDG
7.2 and significantly improves the energy trade balance across all regions. The trade-offs on energy security
observed for the US is mainly due to its current levels of export of fossil fuels which would have rapidly falling
demands in mitigation scenarios. Across all regions, these short-term impacts remain largely visible even in the

long-term (SI, section 9.7).
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For pathways varying by technology choices, we observe that most technology choices (RE, CCS/ NUC, DAC)

involve access & affordability trade-offs for the Global South (Fig. 6(b)). In the long term, some of these

pathways do improve access levels in China, but not in other developing regions. On the other hand, pathways

which promote electrification or eliminate the use of solid fuels like traditional biomass, significantly improve

the access related metric across all region. The flip side of such technology implementation shows up on the

affordability dimension, where energy prices and household spending rapidly increase in line with higher

demand. None of the purely technology-based pathways are able to demonstrate synergies across all

dimensions for all regions.
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Fig. 6(a): Magnitude of synergies (green bars) and trade-offs (red bars) across national energy goals in the

near term (2030) for pathways varying by global net zero CO2 emission year for key regions. The synergies

and trade-offs are measured as ratio of the metrics (from table 2) in the given scenario to same metrics in the
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Fig. 6(c): Magnitude of synergies (green bars) and trade-offs (red bars) for pathways across national energy

goals in the near term (2030) varying by regional effort sharing principles employed

For pathways based on demand side changes, we observe synergies across all dimensions, especially for the

Global South (Fig. 6 b). The near-term co-benefits are strengthened in the long term as well.

The final set of pathways based on regional effort sharing also shows losses relative to BAU for developing
regions, especially in pathways applying principles such as grandfathering (Fig. 6 c). While financial transfers
based on historical responsibility alleviate some of these compromises, the increased consumption levels lead
to household affordability trade-offs. The unfairness of the grandfathering principle is matched by the results
for the Global North when stringent pathways involving financial transfers or expedited net zero commitments
are imposed. Self-determined pathways like the NDCs do have relatively minor effects for India, but the

increased mitigation ambition later in the century also increases the strength of observable trade-offs.
These general results and trends also hold for other major regions shown in the SI. The only deviations seem

to be based on unique regional contexts which allow other mitigation options (Brazil), or a higher level of

development, in which case the trade-offs tend to resemble those of the Global North than the South.
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5.2 Distributional impacts by income tiers

The second set of results shown here (Fig 7 a-f) are for the changes in household energy burdens for the
poorest decile (D1), the middle decile (D5) and the richest decile (D10) in India & USA. Our results for variation
in transition pace (Fig. 6 a-b) agree with most results in current literature based on representative and cost
optimal pathways, showing regressive impacts for the poorest households in both regions. The reduction in rate
of mitigation efforts does reduce these effects, but only marginally. We also see that poorest households in
India would face a noticeably higher change in energy burden compared to the US. Further, there is significant
variation in the impacts across income tiers in India, with insignificant impacts for the richest decile. In contrast,
the impacts, though still regressive in character, are relatively more balanced in the US. This is due to the higher
income levels, as well as higher energy consumption in the US, leading to increased expenditure.
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Fig. 7 (a-b): Short term impacts of pathways varying by global net zero year targets on household energy
burden changes for the poorest, middle & richest decile in (a) India and (b) USA
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Fig. 7 (c-d): Short term impacts of pathways varying by technology choices and demand side mitigation
options on household energy burden changes for the poorest, middle & richest decile in (c) India and (d) USA

Technology-based pathways also show similarly regressive impacts in both regions (Fig. 7c & d), but we notice
increased household expenditure in the middle and top deciles in scenarios implementing electrification or
eliminating traditional biomass fuel usage. The higher demand and higher fuel prices would be driving higher
energy burdens for these households. However, these scenarios have a relatively balanced impact across deciles
in the US since they do not affect underlying fuel choices in the developed world where access issues are

insignificant.
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Fig. 7 (e-f): Short term impacts of pathways varying by implementation of global effort sharing principles on
household energy burden changes for the poorest, middle & richest decile in (e) India and (f) USA

For pathways involving differential effort sharing, the regressive impacts are most noticeable for India with
regard to application of the grandfathering principle and those based on current capability. Similar levels of
impacts are seen in the US for financial transfers against historical responsibility, which would predominantly
hurt the poorest populations since the transfers are equally shared by the population. Pathways forcing an
immediate net zero goal on the US based on its capability also have disproportionate impacts on the poorest.
In contrast, with financial transfers from the developed world being apportioned equally in regions like India,
there are almost progressive impacts for the poorest decile. This indicates the dynamic of global effort sharing

having implications for local just transitions, and how regional context and principle matters.

www.iiasa.ac.at 25



35% (a)

30%

o
<
o
2 25%
o
=
=]
< 20%
g ° O
<
-
5 15% |
=)
=
20
g 10% ® . .
)
£ A * A
@ o,
L 5%
> A
o

0% —

2 ¢ .
-5% 4
Poorest decile Middle decile Richest decile
35%
A (b)
30%
25% A

N
(=]
S

10%

bopie & >
b -

5%

Change in energy burden relative to BAU
o
S

ap e

0% S o

-5%
Poorest decile Middle decile Richest decile

@®RE ©CCS/NUC ® DAC #ELE ® NTB ® BEH @ ALL ACO A CAP-A ACAP-B AGF ASOVER A RESP

Fig. 8: Changes to household energy burdens relative to the reference case in (a) India and (b) USA for
different technology-based, demand side and global effort sharing pathways modelled in this study. The

results shown here are for 2030. Pathways showing reduced energy burdens and progressive impacts lie
below the X-axis. Extremely regressive effects are also evident in pathways which significantly increase

burdens on the poorest income decile.
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The demand side mitigation pathways also show progressive impacts for the bottom deciles. The reduction in
demand and increased space for mitigation by reduction in non-CO> emissions enables the poorest sections to
increase consumption levels and be better off in both the short and long term. While both BEH & ALL pathways
show progressive impacts across India & US, the effects are slightly muffled for the ALL scenario due to the
additional technology factors enforced. We summarize the implications of all technology, effort sharing &
demand side pathways in Fig. 8. Apart from the near-term results shown here, the long-term results are
presented in the SI (Section 9.8). We find that only pathways employing demand side mitigation options enable
progressive impacts for the poorest populations within a country. Similarly, at the global level, the pathways
which accounted for historical responsibility for GHG emissions facilitated attainment of societal goals for the

vulnerable and poorest.

6. Discussion

Based on the results showcased in the previous section, we argue that climate protection and energy access
goals do not always have to result in trade-offs across regions. Although most technology pathways resulted in
detrimental effects on access or affordability or both for different regions, we also found that pathways
employing demand side control measures had greater synergies across multiple national energy priorities. This
implies that pathways which focus exclusively on technology shifts on the supply side without support on the
demand side or backing technology with corresponding efforts to support vulnerable populations making the
transition had adverse and unfair outcomes. While international financial transfers accounting for historical
responsibility do help limit some of these outcomes, they are insufficient to actually compensate for the
mitigation trade-offs in exposed regions. The key takeaway and good news for climate & feasibility of attaining
climate & energy access goals here is that pathway design incorporating elements of demand side mitigation
can help meet both goals together.

The second set of results demonstrated within-region distribution of mitigation policy impacts by income strata.
Once again, we found that mere focus on technology pathways unsupported by other mechanisms or
redistribution failed to address underlying inequities within regions. In fact, some pathways exacerbated these
inequalities. Scenarios which employed demand side mitigation options had evident progressive impacts.
Another aspect to note here is the reduction in non-CO2 emissions in pathways like BEH & ALL from diet shifts
and HFC (Hydro-fluoro carbon) emission reductions. The enhanced action on non-CO2 emissions creates

development space for vulnerable regions and could enable them to limit regressive impacts.

Global effort sharing is shown to have different local effects by region. ‘Grandfathering’ as an allocation principle
privileges historically high-emitting regions, when apportioning future emission entitlements, and it ignores
equity and is merely presented here since many developed countries seek to implicitly argue for and follow it.

We show that such a principle is extremely unfair for the most vulnerable populations. On the other hand, the
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regions chiefly responsible for historical emissions would face similarly regressive impacts when a mechanism

of financial compensation to other regions is employed.

In summary, one of the main results of this work is that the mitigation pathway choice and design matters and
that bespoke pathways can allow synergies and progressive impacts. These pathways should have a significant
component of demand side mitigation efforts especially in the developed regions. This is in line with findings
by other researchers that employing sufficiency conditions for affluent populations could address inequities
resulting from mitigation policies (Rao & Min, 2018, Scherer et al. 2018, Millward-Hopkins 2022). Also, pursuit
of low hanging fruit like non-CO2 emission reductions should be strongly encouraged as a focus of future climate
targets put forth by countries. Another principal finding is to demonstrate how different burden sharing
principles change the distribution of impacts across & within regions. Some principles like grandfathering are
extremely unfair and exacerbate deprivations, while financial transfers could also be regressive. This suggests
that truly just transitions should use a judicious choice and tools like technology transfers which could address
the historical responsibility of cumulative emissions. Lastly, we show the importance of incorporating
heterogeneity and income distributions in energy-climate models and how the distributional impacts could look

very different compared to the single representative consumer or household as currently assumed in IAMs.

We must also account for some of the caveats with our modelling and assumptions, and the exact numbers are
to be taken with a large grain of salt and should not be considered empirical data. For example, the model does
not represent extreme instances of poverty or wealth, and household decisions on choices between energy
needs, food, healthcare, education etc. Another limitation to these conclusions is that they rest on limited
changes to consumer preferences and income elasticities of demand in line with historical ranges. If these were
to change drastically, as may happen in the face of profound climate change impacts or cultural shifts, the
relationship could exhibit different traits. An example of such shift could be one away from globalization, or

catastrophic large-scale conflicts.

Our results are, in part, dependent on the choice of the downscaling model. For instance, we found a different
fuel choice distribution when accounting for additional heterogeneity factors such as the rural-urban divide, and
more granular representation of cooking fuel choices (see SI, Sec. 9.3-9.5). However, the overall regressive
trends in our results remain stable even under the use of a different downscaling approach, the only shift being
the higher energy burden moving to the second or third decile since the lowest deciles move to much cheaper
fuels (an avoided consumption due to varying demand price elasticity by income tiers and other socioeconomic
factors). Another concern would be the choice of IAM and internal assumptions on technology and marginal
abatement costs for different regions, which could affect results. While GCAM may assume a certain underlying
distribution of such costs, a different IAM could divide the mitigation burden somewhat differently. Whilst we
do not expect this to drastically change any of our results or key trends, some regions may see slightly different
results. Further, the effort sharing pathways demonstrated by us do not account for some of the ethical notions

relevant for emissions allocations, which may include the relative moral relevance of consumption versus
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production-based emissions, survival versus luxury emissions etc. These normative choices could also drive

changes beyond the scope of this work.

Whilst this modelling effort, like others, is clearly not a fully accurate description of reality, the approach here
has proved useful in answering our specific research questions on pathways which may be best suited to meet
the dual goals of development & climate change mitigation. The main contribution lies in illuminating the
directional relationships on between pathways, across & within regions and both the near- and long-term
implications. The employment of an IAM framework also allowed a consistency in comparison and accounting
for interlinkages. We should consider these results as relative impacts between pathways and hence most of

the caveats listed above are either obviated or not debilitating for our main findings.

7. Conclusion

7.1 Summary & policy implications

These findings are relevant for both scholarship and policy. In terms of scholarship, we build on existing models
and combine with household surveys to show distributional implications across spatial, temporal and income
scales. We also buttress the importance of modeling heterogeneity for just transition research. In terms of
policy, our findings outline some of the key features required in climate change mitigation efforts, especially

around the consideration of emissions from wealthy regions and affluent income tiers within those regions.

Despite our relatively unpretentious modeling in an IAM framework, we demonstrate multiple novel results and
our findings are particularly relevant for policy makers at both the global and national levels. We demonstrated
that it is possible to achieve the dual goals of energy access & climate change mitigation, if we promote the
early diffusion of appropriate technology and take sufficiency into account as a mitigation strategy for the
affluent. Pathways employing demand side mitigation options were overwhelmingly successful at attaining
multiple national energy goals and also supporting progressive impacts for the poorest and most vulnerable
sections. Achieving just transitions would, therefore, require an enhanced focus on societal transformations and

behavior changes and employing policies which support a shift in acceptance by the affluent.

In addition, our findings imply that targeted technology deployment with income support or subsidization
programs for vulnerable populations is key for the transitions to achieve progressive outcomes. Contrary to
popular expectations of technocratic solutions as silver bullets for societal problems, mere shifts in technology
would not lead to progressive impacts unless these measures are complemented by domestic policies to offset
underlying inequities. This also implies that enhanced efforts be made to identify different vulnerable

populations and to tailor policies accordingly to address deleterious impacts.

Another important policy implication is that focusing on the full basket of GHG emissions and going beyond CO:

based targets could create development space for the most vulnerable. Countries should, therefore, be explicitly
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encouraged to incorporate enhanced mitigation goals for non-CO2 emissions related to diet and HFC reductions

when putting forth updated mitigation pledges in future climate negotiations.

Our research also addresses a previously understudied relationship between global effort sharing and within-
region distributional implications. Consideration of capability and historical responsibility are essential to achieve
truly just transitions for the most vulnerable and the use of grandfathering narratives to protect the affluent
only exacerbates inequities and deprivileges the vulnerable. While financial transfers for past emissions alone
may not address the distributional consequences, complementing such transfers with technology sharing and
capacity building for enhanced mitigation ambition in vulnerable countries is important for a fair climate regime.
The principle of ‘common but differentiated responsibilities’ retains importance even under the net-zero emission

target driven paradigm.

The probability of keeping global warming to tolerable levels by ratcheting ambition across the world could
improve significantly if there is more robust consideration of fairness & equity in both the global burden of

mitigation and the local implementation of policies.

7.2 Future work

There are technical aspects of this study which future research can build on. For instance, vulnerabilities go
beyond income alone and involve intersections of multiple deprivations in different regional contexts. Our
current work does not delve into specifics beyond income poverty and furthering this analysis with additional
axes of deprivations would be an important analysis for just transition objectives. An effort towards this is made
in our SI (Sec. 9.3-9.5). Whilst we demonstrate a difference with rural-urban populations, incorporating
additional representations of heterogeneity and furthering the granularity and segmentation within IAMs
remains key. We also lack systematic understanding of how consumption patterns contribute to wellbeing in
different societies and contexts (Rao & Wilson 2022). While conventional residential energy, health or well-
being surveys at the national level could be a valuable starting point, collection of new data and community
engagement with disadvantaged sections which may be under-sampled in these surveys would also be an

essential and possible next step.

Recent work has hypothesized that redistribution of carbon tax revenues can alleviate the tradeoffs of climate
policies (Budolfson et al. 2021, Soergel et al 2021). Much of the literature examining redistribution approaches
has focused on an equal per capita refund as the revenue recycling option (Cullenward et al. 2016, Fawcett et
al. 2018, Jorgenson & Goettle 2013, Mathur & Morris 2014, Metcalf 2018, Rausch et al. 2011), whilst other
options remain understudied. However, redistribution levels could be very different based on pathway design
and underlying socioeconomics. Pathways which prioritize equity may require lower redistribution levels. As a
next step, we shall explore the redistribution question using a compensating variation approach, leaving

households at least as well as they currently are (the ‘proportionate approach’). The alternate and higher
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redistribution goal would be to determine the compensation to attain decent living energy standards (the
‘progressive approach’, defined in Metcalf 2017). Multiple redistribution options, including changes to underlying

income distributions through alternate tax mechanisms, would be subject of such future work.

A third dimension to cover in future work would be the implications of different household spending on essential
goods like energy & food and the implications for income inequality by pathway. Lastly, alternate pathways
representing different forms of regional mitigation effort sharing but employing technology transfers instead of

financial compensation mechanisms would an interesting angle to pursue.

The goal of this research is not to propagate naive or overtly optimistic narratives on demand side measures
being a silver bullet for progressive consequences. Significant shifts in demand would not happen overnight and
would need increased awareness of consequences of consumption patterns with systemic changes and support
policies. However, we do believe that the evidence supporting the case for progressive impacts from behavioural
and societal transformations, and global effort sharing is compelling enough in order to be taken seriously and

studied in more detail in specific regional and societal contexts.
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9. Supplementary Information
9.1 Extended literature survey

The unequal distribution of the costs and benefits of mitigation is important for the stability of institutions and
the credibility of energy and climate governance (Carley & Konisky, 2020) and protecting the energy transition
from political backlash (Pahle et al. 2022). Inequalities in the distribution of emissions and in the impacts of
mitigation policies within countries affect social cohesion and the acceptability of mitigation and other
environmental policies. It has implications for conflict risks (Gilmore and Buhaug 2020), and broader impacts

on democratic stability.

The IPCC has repeatedly emphasized that low-income communities globally are the most likely to face the
disproportionate burden of climate change, as well as the efforts to mitigate its effects. Research has repeatedly
shown that poor people may be heavily affected by climate change even when impacts on the rest of the
population remain limited (Hallegatte & Rozenberg 2017). On the mitigation dimension, in the climate economics
literature, the effects are generally shown to be regressive for low-income regions and progressive for regions
with a high GDP/capita, in the absence of any form of revenue recycling (Budolfson et al. 2021, Denning et al.
2015, Cronin et al. 2019). To further explore this relationship, we conducted a review of the literature around
societal implications of mitigation policy, predominantly accounted under the UN sustainable development goals
(SDGs).

As mentioned before, current literature has often focused on how synergies between climate action and other
SDGs can be fully exploited through rapid and coordinated action and how co-benefits alone could drive
enhanced mitigation ambition in recalcitrant regions. Many previous studies have explored the synergies and
trade-offs across societal objectives in the context of integrated assessment models (IAMs) (Clarke et al. 2015,
von Stechow et al. 2016, Zimm et al. 2018) or multi region input-output analysis tools (Scherer et al. 2018).
IAMs have often proven particularly useful in understanding such synergies and trade-offs and the consequent
implications for policy because most state-of-the-art IAMs employ long-term, multi-region frameworks that
couple models of both human and earth system processes. The literature regularly highlights equity and justice
issues as critical components in local politics and international diplomacy regarding all Sustainable Development
Goals (SDGs), such as goals for no poverty, zero hunger, gender equality, affordable clean energy, reducing
inequality, but also for climate action (Goal 13) (Marmot and Bell 2018; Balsiak et al. 2017, Spijkers 2018).
These narratives have often been framed around cobenefits and tradeoffs of mitigation action (Nerini et al.
2018, Urge-Vorsatz et al. 2014, von Stechow et al. 2015), or unintended consequences. However, a

transformation towards sustainability requires tackling multiple crises simultaneously.
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A subset of such studies assesses single mitigation pathways to an objective goal of 2 or 1.5 deg. C, or the
implications of different NDCs. Within this, they analyze only a single sustainability dimension, but different
regional and sectoral impacts such as energy access and poverty (Cameron et al. 2016, Dagnachew et al. 2018,
McCollum et al. 2018), economic growth, poverty alleviation and income inequality goals (Jakob & Steckel 2014,
Hubacek et al. 2017, Sampedro et al. 2022, Taconet et al. 2020, Gazzotti et al. 2021), food or nutrition security
(Cui 2022, Fujimori et al. 2018), air pollution and health impacts (Sampedro et al. 2020, Cameron et al. 2016),
water use (Fricko et al. 2016, Hejazi et al. 2014, Parkinson et al. 2019). Other single objective works have
recently widened to cover the just transition framing as well and deal with employment growth (Sharma &
Banerjee 2021, Pai et al. 2021) and have widened the methodology to use input-output models in combination
with IAM outputs.

Another category of works considers mitigation pathway effects on multiple SDG dimensions — a subset of
metrics and how Paris commitments affect them (Iyer et al. 2018, Campagnolo et al. 2019) or a combination
of dimensions defined under the “food-energy-water” nexus. Examples of the latter include Fuhrman et al.
(2020) which explored different direct air capture and technology pathways, and Calvin et al. (2020) exploring

land use, food price and energy implications of different pathways.

A third category of works involve examining the costs or needs to attain some or all of the SDGs. These have
often taken the form of seeking to develop a ‘sustainable development pathway’ through reduction in energy
use (Grubler et al. 2018, Soergel et al. 2021), examining the costs to attain SDGs (McCollum et al. 2018),

Non-IAM studies have focused on impacts of single policies and have often delved into distributional impacts
by social classes or regions, such as a climate tax and effects by income deciles in the UK (Burke et al. 2020),

in Shanghai (Jiang & Shao 2014), or achieving energy access in South Africa (Tait & Winkler 2012).

There have also been overarching review studies of societal impacts of climate policy, such as Lamb et al.
(2020) and Marrakanen & Anger-Kraavi (2019) which call for careful planning and multi-stakeholder
engagement. The general conclusion one can draw from this body of work is that though synergies and tradeoffs
exist between societal and climate goals, these can be addressed by a comprehensive approach. Markard (2018)
reviews the pace of energy transitions and shows implications for policy making and future research, concluding

that transitions are context dependent though underlying aspects may be the same.
9.2 Scenario modeling & assumptions

The reference pathway is the standard GCAM implementation of the SSP-2 without any mitigation policies, also
referred to here as the "BAU"” scenario or “no new policy” scenario. It does include the effects of COvid-19 on

near term GDP trends and follows the assumptions in Ou & Iyer et al. (2021) to incorporate these impacts.
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For the pathways varying by pace of transition, the global net CO. emissions (including fossil fuels, industry &

land use change) constraint is exogenously specified and follows a linear reduction to zero emissions in

2040/2050/2060 as the case may be, and then at a progressively reduced rate of reduction so as to match

1.5°C mean temperature rise target in 2100.

The specific assumptions in the technology and effort sharing pathways are listed in table SI 9.2(a). The RE,
CCS/NUC, DAC, ELE, NTB, BEH and ALL pathways all follow least cost pathways to 1.5°C end of century climate

goal, while including these assumptions in addition to the standard SSP-2 scenario.

Table SI 9.2(a): Assumptions over SSP-2 baseline in mitigation scenarios modeled in this report

Pathway Key assumptions Remarks on implementation,
name if any

RE Wind power capital costs fall at a higher rate Assumptions in line with the high
initially, starting at 7% every 5 years to 0.1% fall | RE levels in SSP-1 implementation
by 2100 in GCAM. The last assumption
Solar power costs fall significantly, starting at was added to account for grid
14% in 2020-25, and then gradually by 2100. parity for RE and increased
Overall, capital costs of solar fall by 50% by acceptance of the technology.
2100. Capital cost of Photovoltaic storage falls by
40% by 2100
Capital costs for geothermal power reduce by
25% till 2100
Renewables are equally preferred as other
options, starting 2020 i.e. the choice between
generation options is purely based on costs

CCS/ NUC CCS costs are 1/5 or 0.2X of SSP2 assumptions Assumptions in line with high CCS

Advanced nuclear (Gen III) is available and and high nuclear implementation
capital costs decline by approx. 2% every 5 years | in GCAM for SSP-5

DAC DAC is limited to a level of 5 GtCO2 Similar to SSP-1 implementation
DAC has lower preference over other negative of DAC in GCAM
emission technology options, and gradually rises
to equal preference by 2050

ELE Doubled preference (share-weights) for electricity

as a fuel for buildings & industry sectors,
increasing along a linear trend from 2020.
Doubled preference for electric vehicles across
the entire transport sector (rail, bus, cars, trucks,

2 wheelers) by 2050, increasing linearly from
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current values (2020) in GCAM. The electric
vehicle preference doubles every 25 years

thereafter.

NTB

- Zero share-weights for traditional biomass as a
fuel for buildings sector across all regions starting
2030, and linear reduction from the 2020

preference levels.

CAP-A

Implements a staged net zero target enhancement for
developed regions. Regions currently with twice the
GDP/cap. (PPP basis) compared to Brazil’s projected level
in 2050 advance their net zero emission target years by
10 years. Regions with 1.5 to 2 times Brazil's GDP/cap.
enhance this goal by 5 years and those with GDP/cap.
Between 1-1.5 times of Brazil's would match the net zero
goal as pledged by Brazil (2050). Regions with GDP/cap
levels below Brazil's, attain their net zero emissions in the
year in which they match or exceed Brazil’s 2050 income
levels. The net CO2 emission constraints are exogenously
specified for each region as linear reduction from 2020 to

the net zero year in each case.

A version of this pathway and the
broad principle has been
demonstrated in George et al.
(2022) and Yu & Edmonds (2020)

CAP-B

A drastic variant of the same principle in CAP-A pathway.
Regions exceeding Brazil's GDP/cap. (PPP) in 2050 today
would move to net zero in the immediate net time step
(2025 for US, EU-15 etc.) and so on. Regions with lower
GDP/cap. Than Brazil would achieve net zero only in the
year they match Brazil's 2050 level

SOV

Countries continue to reduce their emissions beyond
2030 in line with their commitments till 2030 as in the
NDCs. For regions with net zero targets, we assume the
net zero attainment trendline as specified in the NDC or
assume a linear reduction where unspecified. Since NDC
pathway falls short of the 1.5C goal, we continue the rate
of emission reductions for all regions at half the specified
rate for 10 years post-net zero and a further reduction to
1/4™ in the subsequent 10 years and so on, representing
a gradual and exponential tapering of mitigation ambition

in the negative emission regions.

Modified version of the NDC
Increased Ambition scenario in
Ou & Iyer et al. 2021.
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GF A variant of cost optimal pathway, but while constraining
all regions to the same proportion of emission rights (till
the global net zero) and responsibilities (for the negative
emissions required thereafter). The proportion is based
on the 2015 emission shares. The reference year was

chosen assuming the Paris agreement as a baseline.

RESP Also a variant of the cost optimal pathway, but with
financial transfers in proportion to the per capita carbon
budget share exceeded by each region. The financial
transfers are computed as the (excess emissions over
budget in a 5 year time period * carbon price in that
period), and these feed into a global fund which is then
redistributed to regions which have not exceeded their
carbon budgets at that point. The financial transfers
represent an addition or subtraction to the GDP values in
GCAM (based on the region) and are then exogenously
specified for a second iteration of the cost optimal

scenario with the revised GDP values.

The historical emissions for each region were computed from the ClimateWatch database maintained by the
World Resources Institute (WRI 2022). The specific dataset used here is the PIK-PRIMAP, which covered the
period from 1850, and also accounted for the Kyoto GHGs — which we believe is the extent of desirable coverage

for the purposes of this analysis.

The pathways involving demand side mitigation efforts involve a more detailed set of assumptions (Table SI
9.2 b) and are also run as cost-optimal scenarios with other SSP-2 assumptions. These assumptions are in line
with those for scenario no. 11 demonstrated in Gambhir & George et al. (2022), the “omnibus” scenario in

George et al. (2021) and the detailed assumptions and basis can be found in ClimateWorks (2020).

Table 9.2 (b): Assumptions in demand side mitigation pathways

Pathway Assumptions

BEH - Dietary shifts involving a move away from beef/meat consumption with a reduction
of 25% in income elasticity of demand. This also corresponds to an increased
preference for other proteins (pulses & fish) and a minor increase in sheep/goat
meat consumption.

- Lowered demand for industrial goods (cement, etc.), indicating less materialistic
tendencies. Implemented as a gradual reduction of 2% in income elasticity of

demand across all regions every 5-year period. Equivalent reduction in feedstocks.
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- Reduced floor space and smaller houses, limiting to an average of 30 sq.m/cap.
Implemented through satiation values

- Increased preference for ridesharing options, gradually increasing vehicle load
factors by 25% to 2050.

- Increased preference for public transport, akin to SSP-1

- Reduced demands for aviation & shipping, a 20% reduction in income elasticity of
demand across regions

- Increased preference for electric vehicles, as in the ELE scenario

ALL A combination of the BEH scenario, the ELE scenario (buildings & industry), low CCS, high RE

& DAC, in addition to the following:

- Full implementation of the Kigali Amendment to the Montreal Protocol for reduction

in HFC emissions by 85% by 2055, and staged inclusion of regions during 2018-
2030.

- Constraining bioenergy to 100 EJ levels in 2100, a linear increase from current values

- Lower preference for Nuclear technologies due to concerns on safety; Nuclear is only
1/4™ as preferred compared to other equally priced technologies.

- Gradual afforestation, involving a roughly equally balanced share of NETs in 2050
between DAC, forests and CCS

- Reduction in oil & gas methane leaks as in SSP-1

- Reduced non-CO: from shipping (lower demand)

- Complete ban on fossil fuel vehicle sales after 2050 for road transport options

- Increased efficiency in cement, industrial feedstock conversion by 20% till 2050 and
constant thereafter

- Smarter buildings and increased energy efficiency, implemented through technology

change rates doubling over the century

9.3 Heterogeneity in energy consumption behavior — India example

Our downscaling model does not include a component to account for the fuel consumption pattern shifts
between different classes of households. We assume the fuel choices of the average household as applicable
to all income strata. However, in the real world, different households face different demand price elasticities
and such elasticities further vary with time. Household decisions on fuel choice are also complicated and involve
tradeoffs with other objectives and needs. One possible justification for our assumption to still be valid is that
though poorer households are more likely to move away as non-solid fuels become more expensive with a

carbon price, this avoided consumption is still a form of regressive impact which needs to be considered.

However, to demonstrate the actual impacts of such behavior, we employ a fuel choice model, MESSAGE-Access

(Cameron et al. 2016) which downscales the results to account for fuel choice behavior by income and
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geography (rural & urban households). This model is still restricted only to cooking fuel choices and does not
cover all dimensions. It incorporates different classes of households from rural poor to rural rich (represented

as R1 to R4) and the urban poor & richer household spectrum represented as Ul - U4.

One complication here is that the residential sector in GCAM comprises residential heating, residential cooling
and all other end-uses like home appliances, lighting and cooking are covered under “residential other”. To
estimate and separate the cooking energy needs for this analysis, we assume that cooking energy use is directly
proportional to population and the balance in “residential other” after subtracting cooking covers all other
household appliances. We use the cooking fuel to electricity proportions from the National Sample Survey for
India (Round 66/ year 2012) since it is closest to the survey data we used for the main analysis (2011 IHDS-
II). The IHDS does not provide a breakup of energy consumption by application and fuel mix and hence the

use of another nationally representative survey which can provide this information.

The basic calculation steps to decompose residential other to cooking and other appliances:
('Residential other'energy use in GCAM output) = (Energy use for cooking) +
(Energy use for all appliances, excluding heating &cooling) + (Energy use for lighting) (E. 2)

We assume,

(Energy use for cooking in year y) « (population in year y) (E. 3)

Next, we derive the proportion of “energy use for cooking” from household survey data for 2010 and compute
the same for 2030 using the ratio of populations in 2030 & 2010. Lastly, we use this computed value of cooking
fuel energy in MESSAGE-Access, along with fuel prices from GCAM output. It then derives a fuel mix for each
category of household based on the total cost of food preparation. These results show in the next section are
purely to indicate the effect of heterogeneity and do not match precisely with our other modeling results. This
is partly due to the fact that the fuels in GCAM are different from those in the MESSAGE-Access model, and the
range of prices is also quite dissimilar.

The purpose of this example is to show the possibilities of future work with improving the downscaling model,
adopting the MESSAGE-Access framework for GCAM specificities and developing a similar tool for income

deciles.

9.4 India results from MESSAGE-Access

The results in this section are purely indicative of the effects of heterogeneity in household behavior and choices.
We can see that the fuel choice distribution varies by the type of household in the BAU scenario (Fig. 9.4a),
with greater use of traditional biomass fuels in rural areas, as well as the urban poor. In contrast, the urban

rich, and to some extent the rural rich households (R4, U4..), have significantly lower use of biomass. Next, we
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show the results for India with this model in a mitigation scenario, viz. the net zero 2050 goal. Once again, we
notice the shifting demands within groups. The share of traditional biomass increases for poorer sections, while
there is almost insignificant change in U4. Households in R1-R3 reduce their consumption levels and also miss
out on the technologies for cleaner fuels in transport. For urban households, again we see demand curtailment
and fuel shits in some income strata, and hardly any changes in the most affluent tiers which has high demand

elasticity.
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Fig. 9.4: Downscaled results for rural (R1-R4) and urban (U1-U4) households in India showing energy
consumption levels in the BAU (panel a) and net zero CO- 2050 mitigation pathway (panel b).
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9.5 Impact of household heterogeneity in USA results

Similar to the example above with India, we now demonstrate the impact for USA, though we adopt a different
approach by using income and price elasticity of demand by each decile. This is because MESSAGE-Access was
designed for the specific example for South Asia and the assumptions need to be adjusted for other regions like
the US. The downscaled results shown in Sec. 5.2, despite the representation of income deciles, assume the
fuel choice representation based on the average household. However, in reality, poorer households consume a
different set of fuels than more affluent ones. Also, different income deciles have different price elasticity by
fuel. Therefore, with increasing fuel price due to the impact of mitigation policies such as a carbon price, the

choices made by different deciles could further diverge.

For example, poorer deciles consume lesser proportion of electricity and higher proportions of biomass-based
fuels in the US; and the converse holds true for the top deciles. To account for this difference, we examined
the results for the BAU scenario from the representation of income quintiles for USA in Sampedro et al. (2022).
We performed a linear interpolation to determine the price elasticity and income elasticity for each fuel and
residential service/ application (heating, cooling, others). We can see this in fig. 9.5(a), while the current
downscaling model we have demonstrated assumes the same fuel choice distribution as the average household
to hold for all deciles (Fig. 9.5 b). The difference in fuel choices by income strata between the two models are
noticeable for the BAU scenario in this study when we compare the two approaches, with richer households

consuming greater shares of electricity and less of biofuels (Fig. 9.6 e).
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Fig. 9.5: (panel a) Incorporating fuel choices by income strata gives a different fuel distribution for the
income deciles (D1 to D10) in USA under the "no new policy” BAU scenario, while current downscaling mode/

assumes similar fuel distribution across deciles (panel b)

The demand price elasticity for electricity may be almost 0 for the richest households and closer to 0.5 for the
poorest ones. For the affluent households, this means that there would be very small changes to electricity
consumption with price increase, while poorer households would reduce consumption, as well as shift to other
cheaper fuels under mitigation scenarios. We show an example of this below where the current downscaling
model (Fig. 9.5 d) and the model derived from Sampedro et al. (Fig. 9.5 c) are compared. The increasing costs
force not just a demand reduction, but also a fuel choice shift which varies by decile. Poorer deciles increasingly
move towards cheaper fuel options (Fig. 9.5 f).
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Fig. 9.5: (panel c) Incorporating fuel choices by income strata gives a different fuel distribution for the
income deciles (D1 to D10) in USA under the mitigation scenario example here (net zero CO; emissions in

2050), while current downscaling model assumes similar fuel distribution across deciles (panel d)

These shifts in fuels and the original distribution would imply certain changes to our downscaled results,
especially the aspects about regressive impacts being faced by the bottom decile. With the new fuel choices,
the poorest deciles have moved away to cheaper options while the second/ third deciles would likely face the

most regressive impacts since they consume higher levels of the costlier fuels relative to the poorest decile.
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Fig. 9.5 Difference in fuel choices by deciles compared when using the fuel choice model versus the current

downscaling approach in this work, for the BAU scenario (panel €) and mitigation scenario (panel f)

The key inference of this revised approach is that representation of household heterogeneity in IAMs and
downscaling approaches are imperative to examine distributional consequences. There is still another regressive
effect due to the avoided consumption of better and more convenient fuels which the monetary burden does
not measure here. These changes do not directly affect our conclusions on comparison of effects between
pathways which since we focus on the directional impacts and relative magnitudes of impacts between pathways
and not specifically on the decile which is most impacted. However, future work would seek to account for these
aspects.

9.6 Synergies/ tradeoffs for other developing/ less developed

regions

In this section, we show additional results for section 5.1, the regional energy policy tradeoffs for other
developing regions viz. Africa East, West, South, South Africa, Brazil & Indonesia. Once again, we see the access
for all of the least developed regions. We examined this specific set of regions because they include some of
the least developed countries facing energy access concerns or other development considerations weighed
against climate goals. The countries encompassed in GCAM for some of these regions include almost all of

Central and Sub-Saharan Africa (as listed below), apart from the separate region for South Africa:

Africa East: Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya, Madagascar, Mauritius, Reunion, Rwanda,
Sudan, Somalia, Uganda
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Africa West: Benin, Burkina Faso, Central African Republic, Cote d'Ivoire, Cameroon, Democratic Republic of
the Congo, Congo, Cape Verde, Gabon, Ghana, Guinea, Gambia, Guinea-Bissau, Equatorial Guinea, Liberia,
Mali, Mauritania, Niger, Nigeria, Senegal, Sierra Leone, Sao Tome and Principe, Chad, Togo

Africa South: Angola, Botswana, Lesotho, Mozambique, Malawi, Namibia, Swaziland, Tanzania, Zambia,
Zimbabwe

Akin to the results in 5.1, the access tradeoffs reduce with slower pace of mitigation and could also turn into
co-benefits for some regions with a global net zero goal of 2060 (Fig. 9.6a). An interesting aspect is the influence
of country context. The results are slightly different for the more developed amongst these regions (South
Africa — SAF), showing an affordability tradeoff and an improvement in access, which matches the developed
world observations. The co-benefits such as increase in clean energy share relative to the reference case are
also significantly lower for parts of Africa where the mitigation is more likely based on land use emission

reductions and less on supply side changes.
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Fig. 9.6(a): Synergies & tradeoffs for national energy goals for pathways varying by pace of transition

For the technology & demand side pathways (fig. 9.6b), again we see similar behavior as before, though the
relative magnitudes are muted to some extent by regional context. A forced elimination of traditional biomass
increase access significantly, but with a significant tradeoff on affordability. The demand side pathways almost
always have co-benefits across the board. Energy security is generally improved, except for the regions which
may be significant exporters in the BAU.
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The access tradeoffs are very high for the poorest regions of Sub Saharan Africa in all the cost-optimal or
grandfathering principle-based pathways. Accounting for historical responsibility & financial transfers alleviates
these tradeoffs to a significant degree. South Africa, and to some extent Brazil, are outliers in this case and the
higher development levels may seem to resemble the Global North in some ways. Though noticeable
affordability tradeoffs are observed for South Africa, the effects are almost negligible for Brazil irrespective of
the pathway. This could be attributed to the uniquely substantial land-based mitigation options available in the
region, as well the electricity generation mix dominated by hydro sources.
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Fig. 9.6(b): Synergies & tradeoffs for national energy goals for pathways varying by technology choices and

demand side mitigation options
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Fig. 9.6(c): Synergies & tradeoffs for national energy goals for pathways varying by effort sharing principle
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9.7 Synergies & tradeoffs (long term/ 2050 resuits)

2050

ACCESS

EFFICIEN.

IMPORT

CHN

NZ2040

AFFORD

CLEAN

NZ2050

NZ2060

EU-15

NZ2040

NZ2050

NZ2060

IND

NZ2040

NZ2050

NZ2060

| LR (B ey ] (el B R [ |

USA

NZ2040

NZ2050

NZ2060

www.iiasa.ac.at

term results for the year 2050

Fig. 9.7 (a): Synergies & tradeoffs for national energy goals for pathways varying by pace of transition, long-
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Fig. 9.7 (b): Synergies & tradeoffs for national energy goals for pathways varying by technology & demand
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Fig. 9.7 (c): Synergies & tradeoffs for national energy goals for pathways varying by technology & demand

Following from section 5.1 results, fig 9.7 (a-c) showcase the longer-term synergies (green bars) and tradeoffs

(red bars) of different mitigation pathways for select regions varying by (a) pace of transition (b) technology &

side mitigation options, long-term results for the year 2050

demand side mitigation options and (c) global effort sharing principles.
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9.8 Impacts by income strata (long term/ 2050 results)
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Fig. 9.8 (@) Long term distributional impacts of mitigation policy on income deciles ranging from the poorest
(D1), middle (D5) and richest (D10) in India for different mitigation pathways to 1.5C varying by pace of

transition, technology & demand side mitigation options and effort sharing principles
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Fig. 9.8 (b) Long term distributional impacts of mitigation policy on income deciles ranging from the poorest
(D1), middle (D5) and richest (D10) in India for different mitigation pathways to 1.5C varying by pace of

transition, technology & demand side mitigation options and effort sharing principles
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