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Abstract1

Limiting warming to 1.5 ◦C increasingly depends on pathways with temporary tempera-2

ture overshoot and large-scale carbon dioxide removal (CDR), yet their distributional impli-3

cations remain poorly understood. We develop a within-region, decile-level framework that4

maps pathway-driven price changes to heterogeneous consumption structures to quantify distri-5

butional outcomes under low- (LO) and high-overshoot (HO) pathways. Comparing scenarios6

with the same end-of-century temperature target, we show that LO raises inequality earlier and7

keeps it elevated, whereas HO delays impacts but leads to a sharper increase in later decades.8

This shift coincides with rising CDR nancingࢸ needs, constraining scalࢸ space for redistribu-9

tion, particularly under HO. Energy price increases drive early impacts but are transient, while10

food price pressures are more persistent and increasingly important over time. A climate-fund-11

type mechanism can ease late-century nancingࢸ stress, but requires substantial intertemporal12

and international transfers. Overshoot governance therefore depends not only on technological13

feasibility, but also on compensation design, scalࢸ timing, and political feasibility.14
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Introduction15

Limiting global warming to 1.5 ◦C remains a cornerstone of international climate policy1,2. Yet16

current pledges remain insuࢺcient, and many 1.5 ◦C-compatible pathways now assume a tempo-17

rary overshoot followed by large-scale carbon dioxide removal (CDR) to compensate for insuࢺcient18

near-term mitigation3. Such overshoot pathways are now central in IPCC assessments and policy19

debates4–6. While their technological feasibility and physical and ecological risks have been widely20

discussed7–9, their broader consequences for who bears the costs and beneࢸts—across time, regions,21

and within countries—remain less clearly understood. This includes growing concerns about un-22

equal regional ability to deploy CDR and in general how the beneࢸts and costs of climate change23

mitigation distribute across income groups and over time10.24

Evaluating long-term transformation pathways has been the central task of Integrated Assessment25

Modeling (IAMs) frameworks. However, the assumption that each region is represented by a26

single average household limits their ability to capture diࢷerences in impacts across household27

groups within each region3,11. Recent advances that incorporate household heterogeneity, income28

groups, and inequality metrics have begun to address this limitation, providing new insights into29

the distributional implications of mitigation policies12–17.30

These distributional eࢷects have recurrently been found to be regressive, disproportionately bur-31

dening low-income households, and are primarily transmitted through the consumer price system.32

Mitigation raises consumer prices, particularly for basic necessities such as energy and food, which33

comprise a large share of consumption expenditures among poorer households18,19. These price34

changes translate macro-level mitigation costs into heterogeneous welfare impacts across house-35

holds20–24. However, most existing long-term and global assessments provide limited insight into36

how heterogeneous household consumption patterns mediate these eࢷects.37

Another consistent ndingࢸ across these studies is that governments can oࢷset regressive eࢷects38

by returning carbon-pricing revenues progressively to households. This compensatory potential,39

however, relies on a temporal alignment: distributional pressures arise when carbon pricing still40

generates substantial revenue for compensation. In stringent no-overshoot pathways, this condition41

can plausibly hold because high carbon prices are levied while emissions remain high enough to42

sustain redistribution.43

Pathways including overshoot, however, could disrupt this alignment by altering the temporal44

proࢸle of carbon prices and emissions. With large-scale CDR deployment, carbon prices tend to be45

lower in the near term10,25, but rise sharply later, when emissions have already declined or turned46

negative, thus decreasing the available tax base. Expanded CDR also creates new distributional47

pressures, including higher food prices from land competition26–28, and potential concentration of48

proࢸts or land rents and nancialࢸ stress4,29. As a result, inequality can rise just as scalࢸ capacity49

for redistribution weakens for CDR nancing.50ࢸ
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Quantifying the distributional eࢷects of overshoot pathways is important, but has not been su51-ࢺ

ciently addressed. Existing studies focus mainly on diࢷerences across temperature targets, paying52

less attention to how alternative pathways to the same target generate diࢷerent distributional out-53

comes, and to how the main sources of those outcomes change as household consumption patterns54

evolve. Because overshoot pathways reshape both the timing and composition of distributional55

burdens, outcomes depend not only on the target but also on the pathway used to reach it. We56

therefore ask the following question: How do alternative 1.5 ◦C overshoot pathways redistribute57

mitigation burdens across income groups over time? We focus in particular on their implications58

for economic inequality, the scope for revenue recycling, and the role of policy instruments such as59

a global climate fund as a necessity.60

To address these questions, we link overshoot scenario results from the REMIND–MAgPIE30–34 to61

a post-processing distributional framework across household expenditure deciles within each region.62

This framework maps scenario-driven price changes into heterogeneous welfare outcomes measured63

by real consumption across ten expenditure groups in 12 world regions (see Methods). We focus64

on distributional eࢷects arising from mitigation policies and therefore exclude climate impacts,65

another important driver of distributional outcomes, from the analysis. We provide a dynamic66

assessment of mitigation-induced distributional impacts under alternative pathways, identify their67

main consumption drivers, and show how high overshoot misaligns inequality pressures with CDR68

nancingࢸ stress.69

Results70

We analyze two REMIND–MAgPIE mitigation scenarios with temperature overshoot under SSP271

and compare them with a current-policy baseline scenario (NPi)35. Both overshoot scenarios meet72

the same 1.5 ◦C-compatible cumulative CO2 budget of 500Gt CO2 by 2100, but diࢷer in mitigation73

timing and overshoot magnitude. The low-overshoot (LO) pathway reduces emissions earlier and74

allows only a limited temporary budget exceedance (150–225Gt CO2), whereas the high-overshoot75

(HO) pathway delays mitigation, allows a larger exceedance, and relies on greater late-century CDR76

to bring cumulative emissions back to the same budget (ED Fig. 1a). As a result, HO reaches a77

higher peak temperature before returning to 1.5 °C (ED Fig. 1b).78

These pathways also imply distinct trajectories for carbon pricing and CDR deployment. In LO,79

carbon prices rise rapidly and stabilize after mid-century; in HO, they remain lower until the mid-80

2030s and then increase sharply (ED Fig. 1c). CDR deployment is earlier and more moderate in81

LO, but later and much larger in HO, reaching 10–15Gt CO2 yr−1 by 2100.82

We feed regional consumption and category-level price changes from the two scenarios into the83

post-processing distributional framework to map real-consumption losses across within-region ex-84

penditure deciles based on heterogeneous consumption patterns.85
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Intertemporal redistribution of mitigation burdens86

We rstࢸ compare the two scenarios along four global dimensions: mitigation costs borne by con-87

sumers, consumption-inequality eࢷects, the emissions-revenue balance, and climate impacts that88

motivate emissions reductions (Fig. 1). Together, these dimensions show how LO and HO diࢷer in89

their welfare implications globally over time.90

We measure mitigation costs as global real consumption losses from the macroeconomic framework91

(Fig. 1a). In LO, earlier and more concentrated mitigation produces larger near-term consumption92

loss, peaking at around 3–4% compared to baseline real consumption by mid-century before de-93

clining towards 2100. In HO, mitigation costs are delayed: near-term impacts remain limited, but94

losses rise steadily and exceed those under LO by around 2065.95

Because households diࢷer in their consumption patterns, the mitigation costs borne by consumers96

are unevenly distributed across income groups and regions. Mitigation also increases global con-97

sumption inequality in both scenarios relative to the baseline (Fig. 1b), measured as the change in98

the real-consumption Gini index under an inequality-neutral recycling benchmark, in which GHG99

revenues are returned to households in proportion to baseline income shares. Under LO, global con-100

sumption inequality increases rapidly until around 2050, after which it stabilizes and declines only101

slightly. Unlike aggregate consumer mitigation costs, which ease over time, consumption-inequality102

eࢷects remain persistent under LO. By contrast, consumption-inequality eࢷects in the HO pathway103

rise more gradually and exceed LO levels only after around 2080, ultimately reaching a higher level104

than the peak observed in LO.105

While the LO pathway entails higher near-term welfare losses and higher global inequality, it also106

generates substantial emission-tax revenues in early decades due to the rapid increase in carbon107

prices (Fig. 1c), potentially enabling governments to oࢷset these burdens. In the main analysis, we108

focus on revenues from the energy system1. In 2030, revenues under LO exceed 3% of global GDP,109

but as emissions decline rapidly, GHG-based revenues fall correspondingly and largely disappear110

by around 2050. In contrast, the HO pathway yields limited revenues in the near term because111

carbon prices rise more slowly, but maintains positive revenues for longer as net zero is reached112

later. A key divergence emerges after mid-century: when net-negative emissions from CDR are113

nancedࢸ through carbon revenues, large-scale CDR deployment under HO drives net revenues114

below zero, with carbon-pricing deࢸcits reaching around 6–7% of global GDP and marking the115

onset of pronounced late-century scalࢸ stress.116

1We focus on revenues from the energy system as these more plausibly accrue to governments. As a sensitivity
analysis, we also consider a broader tax base that includes agricultural emissions (see SI section 8).
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Figure 1: Intertemporal redistribution of global welfare, inequality, scalࢸ balance and impacts | (a)
Consumption-based welfare loss (% change) under LO and HO scenarios relative to the baseline
(NPi); (b) corresponding changes in global inequality relative to the baseline (NPi), measured as
changes in the Gini coeࢺcient (percentage points; 0 = perfect equality, 100 = perfect inequality).
(c) net tax revenue as a share of gross domestic product, showing declining and eventually neg-
ative scalࢸ capacity under HO due to increasing reliance on CDR, with revenues measured from
pricing GHG emissions in the energy system; and (d) climate damages under HO relative to LO, ex-
pressed as a share of GDP; two damage speciࢸcations are shown: a level damage function capturing
contemporaneous temperature eࢷects (lower bound), and a growth-plus-catastrophic speciࢸcation
incorporating persistent growth impacts and additional catastrophic risks, resulting in larger and
more persistent damages (higher bound).
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Another key characteristic of HO pathways is greater physical climate risk7,36,37, with potentially117

persistent impacts beyond the peak. Figure 1d shows that projected global damages are higher in118

HO than in LO, highlighting the greater aggregate economic costs associated with the HO pathway.119

We use damage functions from the recent meta-analysis by Howard and Sterner 38 , which synthesizes120

a still-unsettled literature by providing multiple estimates that control for key methodological121

diࢷerences, such as persistent growth eࢷects and catastrophic risks. To illustrate this range, we122

report estimates from the lower bound (pure level eࢷects) to the upper bound (including growth and123

catastrophic eࢷects). This highlights the importance of including climate impacts in the overshoot124

discussion, but still falls short of capturing all relevant physical risk consequences, including eࢷects125

on biodiversity and tipping-point risks.126

To sum up, LO concentrates mitigation burdens in the near term, with higher welfare losses and127

rising inequality, but also avoids larger climate damages and generates substantial early tax revenues128

for redistribution. HO eases near-term pressures but shifts and ampliࢸes risks to later periods,129

when higher inequality coincides with declining or negative scalࢸ capacity and greater climate130

damages. This temporal mismatch constrains governments’ scalࢸ ability to address distributional131

consequences, weakening the revenue-recycling channel often proposed to oࢷset regressive mitigation132

impacts13,14,16,17.133

In the following sections, we trace how mitigation policy aࢷects within-region household inequality134

through diࢷerent consumption channels and assess how far tax revenues can oࢷset these eࢷects.135

We do not include climate impacts in the distributional analysis, although they are also likely to136

have important and regressive distributional eࢷects13,39.137

Sectoral drivers of inequality dynamics138

Mitigation, including carbon pricing, changes consumer prices through multiple channels, including139

carbon costs embedded in goods, energy taxes and subsidies, rising energy prices during the tran-140

sition to low-carbon systems, and land-use competition. Our distributional framework examines141

how mitigation-induced consumption price changes across eight categories aࢷect household welfare,142

measured in terms of real consumption. It is based on an empirically estimated Engel-curve de-143

mand system that projects decile-speciࢸc consumption baskets as a function of future expenditure144

levels. The system captures both regional heterogeneity and broader global patterns estimated from145

historical data, and is calibrated to match REMIND–MAgPIE aggregate consumption by category146

(ED Fig. 2).147

We trace the transmission of these price shocks to regional distributional outcomes across four148

energy and four food categories by quantifying each category’s contribution to changes in the149

regional Gini coeࢺcient. Using a Shapley decomposition, these category-level contributions sum to150

the total change in regional inequality.151
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Figure 2: Food and energy price shocks shape regional inequality over time | Regional contributions
to within-region inequality (Gini coeࢺcient, percentage points, 0 = perfect equality, 100 = perfect
inequality) from food and energy consumption categories under LO and HO scenarios. Rows show
selected regions; columns compare LO and HO pathways. Stacked areas indicate the aggregate
contribution of food and energy categories over time, with dashed lines showing total inequality
change. Insets report the distribution of category-level contributions across consumption deciles in
2040 and 2100, highlighting heterogeneity across income groups.
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In the LO pathway, a clear temporal shift emerges between energy- and food-driven inequality152

eࢷects (Fig. 2). Energy price shocks dominate early, peaking around 2040, and increase inequality153

through regressive eࢷects in most regions. An exception is Sub-Saharan Africa, where energy-154

related impacts are progressive because transport energy retains strong luxury characteristics at155

low income levels. This aligns with evidence that transport-fuel taxes tend to be less regressive,156

and in some developing-country contexts even progressive20,40. India shows a similar pattern.157

As energy systems decarbonize and emissions approach net zero, energy-related inequality eࢷects158

fade, indicating that they are largely transient. Their magnitude and composition nevertheless159

vary across regions: Energy-driven risks are particularly pronounced in the EU, where electricity160

for buildings is a major driver of inequality, whereas solids used in the building sector play a more161

prominent role in reforming economies such as Russia.162

In the HO pathway, energy-price-induced inequality is less pronounced because delayed mitigation163

moderates near-term price increases (ED Fig. 3). By contrast, food-related categories exert more164

persistent and increasingly dominant regressive eࢷects once land-use mitigation intensiࢸes. In LO,165

food prices remain elevated even after net zero, reࢹecting continued pricing of persistent agricultural166

emissions such as enteric fermentation and fertilizer-related N2O (ED Fig. 3). In HO, these impacts167

build more gradually but reach higher levels because of higher late-century carbon prices and168

stronger pressure on land use and agricultural production from large-scale CDR deployment.169

Across food categories, animal products and staple foods emerge as prominent drivers of inequality170

in most regions. This is consistent with literature highlighting the regressive eࢷects of food price171

increases20,41,42. Sub-Saharan Africa is again an exception: in the early 2040s, animal-product172

impacts are progressive because consumption is limited among poorer households and more con-173

centrated among middle-income groups; this pattern fades as incomes rise.174

Taken together, these results show that the intertemporal evolution of inequality is driven by a175

structural shift from transient energy price eࢷects early in the transition to persistent food price176

pressures later. These eࢷects exhibit substantial regional heterogeneity in both magnitude and177

composition, shaped by diࢷerences in economic development, consumption structures, and socio-178

cultural preferences.179

Intertemporal Fiscal Reallocation and Redistribution Eࡀectiveness180

While the literature suggests that climate policies combined with well-designed social transfers can181

achieve distributionally neutral outcomes, our analysis shows that this is challenged by declining182

revenues in the second half of the century. This constraint is more pronounced under HO, which183

requires additional nancingࢸ to support large-scale net-negative CDR deployment.184
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In this section, we examine how far domestic tax revenue recycling can reduce distributional pres-185

sures. We begin with the nancingࢸ challenge created by the regional concentration of net-negative186

CDR under HO (Fig. 3b). In cost-eࢺcient IAMs such as REMIND–MAgPIE, large-scale CDR de-187

ployment is concentrated in a limited number of regions, particularly Latin America and reforming188
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economies, owing to their high CDR potential. Although this pattern reࢹects least-cost mitiga-189

tion, it also concentrates the associated nancingࢸ burden. Under HO, nancingࢸ requirements for190

net-negative CDR, implemented as carbon-price-based subsidies, amount to around 14% of GDP191

in Latin America and about 50% in reforming economies, the latter because of the relatively small192

size of the economy (ED Fig. 4).193

To illustrate a more intertemporally equitable approach to overshoot and CDR ,nancingࢸ we in-194

troduce a stylized global climate fund25,43. Under this mechanism, a global fund allocates a xed195ࢸ

share of carbon tax revenues from all regions, which accumulates resources over time and nances196ࢸ

net-negative CDR through 2100. This mechanism represents one possible way to address the in-197

tertemporal nancingࢸ challenge posed by CDR and aligns with existing discussions of pricing-based198

instruments25,43. It serves as a parsimonious illustration of a responsibility-based intertemporal199

transfer framework in which early generations that beneࢸt from overshoot contribute to the carbon200

removal required thereafter.201

Fig. 3a shows the net present value of regional contributions to and payouts from the fund. Com-202

pared with LO, HO requires a substantially larger fund and greater intertemporal coordination of203

nancingࢸ and carbon budget management. Payouts are allocated according to regional net CDR204

deployment. Regions such as Latin America and reforming economies emerge as net recipients,205

with payouts exceeding their contributions.206

Having addressed the intertemporal and cross-regional nancingࢸ challenge through the climate207

fund, we next turn to within-region redistribution. Regions allocate the remaining net positive208

revenues (ED Fig. 4) to domestic equal-per-capita (EPC) transfers. Fig. 4b shows the resulting209

improvements in within-region consumption inequality relative to the inequality-neutral recycling210

benchmark (Neutral).211

Despite a higher upfront increase in consumption inequality under LO, most regions are able to212

oࢷset mitigation-induced inequality under EPC transfers and, in some cases, achieve better within-213

region outcomes than those observed under the HO pathway. By contrast, these gains become214

negligible late in the century, as net positive revenues disappear in most regions.215

This erosion of domestic redistributive capacity makes it important to distinguish within-region216

from global inequality, because the climate fund continues to reallocate resources across regions217

even when EPC transfers fade. Fig. 4a therefore turns to global inequality under the combined218

climate-fund-plus-EPC scheme. In early decades (up to around 2040), LO achieves more favorable219

distributional outcomes because ample tax revenues support redistribution, whereas improvements220

under HO are more limited. Later in the century, however, HO shows stronger reductions in global221

inequality, driven mainly by intertemporal transfers through the climate fund that lower between-222

country inequality.223
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Figure 4: Global and regional inequality under the Climate Fund and progressive redistribution |
(a) Changes in global inequality (Gini coeࢺcient, percentage points) relative to the baseline (NPi)
across regions in 2035 and 2100 under LO and HO scenarios; solid lines indicate inequality-neutral
recycling of tax revenues, and dashed lines show results with the global climate fund and equal-
per-capita (EPC) transfers; (b) regional inequality. For each region, arrows indicate the shift
in inequality outcomes from distribution-neutral recycling (neutral; dots) to the combined global-
fund and EPC scheme (arrow). Colors denote scenarios. In 2035, redistribution leads to substantial
reductions in inequality relative to the neutral benchmark. By contrast, in 2100, as scalࢸ space
becomes constrained, inequality outcomes converge across redistribution schemes.

These results show that the eࢷectiveness of redistribution depends not only on transfer design,224
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but also on the timing and scale of available scalࢸ resources. LO performs better in the near225

term because abundant early revenues support domestic compensation and contributions to the226

climate fund, but this advantage erodes after around 2040 as revenues decline. HO entails lower227

consumption-inequality eࢷects early on, but it also oࢷers much less scope for redistribution. Across228

the full period, revenues from the energy system provide an institutionally plausible but limited229

benchmark and are insuࢺcient to fully oࢷset these distributional pressures. As shown in the230

SI, broadening the revenue base to include agricultural emissions would substantially strengthen231

compensatory capacity, although doing so would likely face greater political and administrative232

constraints (SI Section 8).233

Discussion234

Our analysis shows that choosing a temperature-overshoot pathway is not only a question of tech-235

nological feasibility or long-run cost minimization, but also one of distribution. Although low- and236

high-overshoot pathways meet the same long-term climate objective, they diࢷer in the timing of237

mitigation, the evolution of scalࢸ conditions, and the transmission of price shocks to households,238

producing distinct welfare and distributional outcomes.239

This creates a clear trade-oࢷ between LO and HO pathways. Across scenarios, mitigation-induced240

price changes tend to increase within-region consumption inequality, consistent with previous nd-241ࢸ

ings on the regressive eࢷects of carbon pricing13,16,17,20,41. LO brings mitigation burdens forward242

and can therefore generate stronger near-term and more persistent within-region distributional243

consequences. Yet these pressures emerge while governments still collect substantial carbon rev-244

enues, leaving greater scope for progressive recycling. HO, by contrast, moderates near-term price245

pressures but makes distributional outcomes more dependent on how late-century compensation is246

nanced.247ࢸ

This mismatch between late-century compensation needs and a shrinking or negative carbon-248

revenue base is the central challenge of high overshoot. Under HO, mitigation is delayed until net249

emissions are already low, while the subsequent expansion of CDR further erodes or even reverses250

the carbon-revenue base. As a result, redistribution needs are greatest precisely when scalࢸ space251

is most constrained. An intertemporal global transfer mechanism could help alleviate late-century252

CDR nancingࢸ pressures, but would require substantial global coordination and eࢷective fund man-253

agement43. Our analysis therefore echoes intergenerational concerns about high overshoot37 while254

adding a within-country dimension: overshoot not only defers costs across generations, but also255

intensiࢸes adverse distributional eࢷects within countries when compensatory capacity is weakest.256

Equitable CDR nancingࢸ remains part of a broader debate about equity, normative principles,257

and nancingࢸ eࢺciency. For reasons of scope, we focus on a responsibility-based approach and258

encourage future studies to examine these issues in greater depth.259
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When broad revenue recycling is insuࢺcient to address mitigation-induced consumption-inequality260

impacts over time, revenues need to be used more selectively. Our sectoral decomposition shows261

that compensating prices in selected consumption categories might yield larger distributional bene-262

tsࢸ than uniform recycling. By mapping the intertemporal and regional heterogeneity of inequality263

drivers, we identify where policy can be more eࢷective. In particular, revenues could reduce excise264

taxes on goods associated with substantial distributional risks, such as animal products and elec-265

tricity. Governments could also exempt hard-to-abate residual emissions, such as the share of N2O266

emissions from fertilization, in later periods. This perspective aligns with a growing literature on267

alternative policy designs to address distributional concerns44,45. Finally, using policies to encour-268

age dietary shifts towards lower meat consumption could also help households adapt to rising food269

prices.270

While these results point to gains from more targeted compensation, evaluating speciࢸc compen-271

sation instruments is beyond the scope of this paper. Our analysis is also limited in that it focuses272

only on price-mediated eࢷects and abstracts from income eࢷects, climate damages, and adaptation273

needs, all of which matter for a comprehensive cost–beneࢸt assessment. This omission may be more274

consequential under higher overshoot, where larger climate damages are likely to increase adapta-275

tion needs and may add further distributional eࢷects beyond the price-mediated channels examined276

here. Another limitation is that we focus on vertical (income-based) inequality within countries and277

do not consider horizontal dimensions of inequality, such as gender, ethnicity, sectoral aࢺliation, or278

urban–rural location, which are also important in distributional analysis46–48. Finally, we consider279

only the one-way eࢷects of climate change and mitigation on inequality; feedbacks from inequality,280

which have also been shown to be important in the literature49, are left for future work.281

Looking ahead, delayed mitigation would make high-overshoot pathways and large-scale CDR in-282

creasingly salient. Our results suggest that in such a context, greater attention must be paid to283

heterogeneous welfare eࢷects across and within countries when evaluating overshoot pathways and284

designing feasible climate policy.285
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Methods286

We develop a micro-distributional framework that downscales regional macroeconomic consumption287

changes to ten within-region expenditure deciles by translating mitigation-induced price shocks into288

decile-speciࢸc welfare eࢷects. The approach combines (i) a parametric representation of within-289

region expenditure distributions, (ii) empirically estimated Engel curves to construct decile-speciࢸc290

consumption baskets, and (iii) a cost-of-living index that maps category-level price changes into291

welfare impacts. This structure allows us to assess the distributional eࢷects of mitigation policies292

while remaining consistent with aggregate consumption dynamics from the IAM framework.293

Macro model294

The scenario data used in this study are generated with the coupled REMIND–MAgPIE modelling295

framework, which integrates a global multi-regional energy–economy model with a detailed land-use296

model. REMIND represents the energy system and macroeconomic dynamics, determining optimal297

investment, technology deployment, and energy use under climate policy constraints. It operates298

as an intertemporal optimisation model, capturing trade-oࢷs between near-term mitigation eࢷorts299

and long-term costs30,32,33.300

MAgPIE, a recursive dynamics model, complements this representation by modelling land-use301

dynamics, including agricultural production, land competition, and land-based mitigation options.302

It explicitly accounts for constraints on land availability, productivity, and trade, and determines303

the allocation of land across food, feed, bioenergy, and carbon sequestration purposes31.304

The two models are soft-linked through an iterative exchange of information50. REMIND provides305

bioenergy demand and GHG prices, which MAgPIE applies to CO2 emissions from land-use change306

and to agricultural non-CO2 emissions, thereby informing land-use decisions. In turn, MAgPIE307

returns land-use emissions, bioenergy prices, and mitigation costs, which are incorporated into the308

REMIND optimisation. This coupling ensures internal consistency between the energy system and309

land-use responses under diࢷerent policy scenarios.310

The resulting scenarios provide internally consistent projections of emissions, energy use, land-use311

change, and prices, which serve as inputs to the distributional analysis conducted in this study.312

Scenario setup313

We consider three scenarios in this study: National Policies implemented (NPi), low overshoot314

(LO), and high overshoot (HO). The LO and HO scenarios are Tier 2 scenarios developed in the315

RESCUE project to represent more plausible near-term mitigation trends35. All scenarios are based316

14



on Shared Socioeconomic Pathway 2 (SSP2)51, the “Middle of the Road” pathway.317

The baseline scenario used in this study corresponds to a current policies pathway (NPi2025), which318

reࢹects national climate policies that are implemented as of around 2025, without assuming any319

further strengthening of mitigation ambition over time. As such, it represents a continuation of320

existing policy frameworks rather than a no-policy counterfactual33.321

The low-overshoot (LO) and high-overshoot (HO) pathways considered in this study represent322

alternative intertemporal strategies to meet the same cumulative CO2 budget by 2100. Both path-323

ways allow for endogenous adjustment of the energy system, land use, and carbon dioxide removal324

(CDR), and ensure that cumulative emissions return to the prescribed budget at the end of the325

century. As a result, even pathways with limited overshoot may exhibit temporary exceedance of326

the carbon budget, while maintaining a smooth decline in emissions and non-CO2 greenhouse gases327

over time.328

Mitigation is implemented through regionally diࢷerentiated carbon prices that converge over time329

toward a common global level, which determines abatement eࢷort and technology deployment330

endogenously. Despite this shared temperature goal, the two pathways diࢷer fundamentally in331

the timing of mitigation eࢷorts. In LO pathways, earlier and more rapid increases in carbon332

prices induce a front-loaded transition of the energy system, limiting the need for large-scale CDR333

deployment later on. In contrast, HO pathways delay mitigation in the near term, resulting in334

higher cumulative emissions and a stronger reliance on CDR in the second half of the century to335

return to the same carbon budget. In the LO scenarios, GHG prices are designed to increase until336

cumulative CO2 emissions reach their peak, after which they remain constant. In the HO scenario,337

prices increase exponentially throughout the century and reach their maximum in 2100.338

CDR is realized through a portfolio of diࢷerent CDR options, namely Bioenergy with Carbon339

Capture and Storage (BECCS), Direct Air Carbon Capture and Storage (DACCS), Ocean Alkalinity340

Enhancement (OAE), Enhanced Weathering of rocks (EW), Aࢷorestation and Reforestation (AE),341

and carbon storage in long-lived materials. A key feature of the scenario design is the inclusion of342

system-level constraints on CDR deployment. In particular, the total nalࢸ energy use associated343

with CDR is limited relative to regional energy demand (around 10% at the regional level and 17%344

at the global level), and geological CO2 storage is subject to an upper bound on annual injection345

rates. These constraints restrict the large-scale expansion of energy-intensive options such as direct346

air capture with carbon storage (DACCS), and shape the composition of the CDR portfolio. As347

a result, CDR deployment emerges from the interaction between mitigation demand, resource348

availability, and system constraints.349

These diࢷerences imply distinct system responses across pathways. In LO, earlier mitigation re-350

quires a faster transformation of the energy system and a faster scale-up of CDR. In return, it351

reduces the overall scale of required CDR and thereby limits pressure on energy and land systems352
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in the long run. In HO, delayed mitigation shifts adjustment to later periods, leading to substan-353

tially higher reliance on land-based and lower-energy CDR options, particularly BECCS, as well as354

tighter interactions with energy and resource constraints. At the same time, the feasible magnitude355

of overshoot is limited by the maximum deployable CDR capacity and scale-up speed, rather than356

being freely determined.357

Comparing the LO and HO pathways to the NPi baseline provides a counterfactual framework to358

isolate the eࢷects of strengthening mitigation ambition. The NPi scenario reࢹects a continuation of359

currently implemented and announced policies, without additional scaling-up of mitigation eࢷorts360

over time. In contrast, both LO and HO pathways introduce policy trajectories consistent with a361

1.5 °C carbon budget, implying substantially stronger and more coordinated mitigation.362

The comparison therefore captures the economic and distributional consequences of increasing363

mitigation ambition relative to a current-policy baseline, while diࢷerences between LO and HO364

isolate how the timing of mitigation eࢷort redistributes these impacts over time.365

Decile welfare measure and analytic framework366

We operationalize distributional impacts through a consumption-based welfare measure, real con-367

sumption, which provides a transparent link between sectoral price changes and household-level368

welfare. The analysis is conducted at the level of household expenditure deciles within each RE-369

MIND–MAgPIE region.370

For region r, household expenditure decile h, and year t, real consumption is deࢸned as371

cr,h,t ≡
Er,h,t + Tr,h,t

Pr,h,t

, (1)372

where Er,h,t denotes nominal consumption expenditure, Tr,h,t net scalࢸ transfers, and Pr,h,t a decile-373

speciࢸc cost-of-living index (COLI).374

Let primes denote the policy scenario and assume no carbon-tax recycling in the baseline (Tr,h,t = 0).375

The log change in real consumption between the policy and baseline scenarios can be written in376

closed form as377

∆ ln cr,h,t = ln
(

E′

r,h,t

Er,h,t

)

+ ln
(

1 +
T ′

r,h,t

E′

r,h,t

)

−∆ lnPr,h,t. (2)378

This decomposition provides the organizing framework of the analysis. Distributional impacts of379

mitigation on within-region household deciles arise through three channels: changes in nominal380

resources, scalࢸ transfers, and changes in the COLI driven by category-level price changes.381
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While this framework allows us to examine the relative exposure of diࢷerent household deciles382

across channels, our objective is not to re-estimate aggregate welfare eࢷects. Because regional383

real consumption in REMIND–MAgPIE already reࢹects general-equilibrium price and quantity384

adjustments, we use the micro model only to characterize heterogeneity in relative impacts across385

income groups. Speciࢸcally, real consumption changes at the decile-group level derived from the386

post-processing micro model are used as weights to anchor group-speciࢸc losses to the aggregate real387

consumption change, thereby avoiding double counting of aggregate welfare eࢷects while preserving388

the IAM-consistent welfare level.389

Consumption across expenditure deciles390

For each region r and year t, REMIND provides aggregate regional consumption expenditure. To391

introduce within-region heterogeneity, we assume that household-level nominal consumption expen-392

diture follows a lognormal distribution, which provides a parsimonious representation of empirical393

expenditure distributions52.394

Speciࢸcally, nominal household expenditure satisࢸes395

lnE(i)
r,t ∼ N

(

µr,t, σ
2
r,t

)

, (3)396

where parameters µr,t and σr,t are calibrated to match regional mean expenditure and the corre-397

sponding Gini coeࢺcient. The calibrated lognormal distribution is subsequently integrated over398

ten equal-population expenditure deciles, which serve as the representative household groups in the399

analysis.400

Because REMIND does not provide projections of within-region inequality, we rely on exogenous401

Gini projections for the Shared Socioeconomic Pathways (SSPs)51,53,54. Focusing on consumption-402

side distributional consequences of mitigation pathways, we hold the regional Gini coeࢺcient xed403ࢸ

across scenarios within a given year. This implies that policy-induced changes in aggregate nominal404

expenditure are passed through proportionally across deciles in our framework.405

Decile-speciࡁc cost-of-living index406

Distributional impacts of mitigation arise through heterogeneous exposure to price changes across407

consumption categories. To capture this, we construct decile-speciࢸc changes in the cost-of-living408

index (COLI) using a superlative Törnqvist price index over a set of energy, food, and residual409

consumption categories.410
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For region r, decile h, and year t, the change in the COLI is given by411

∆ lnPr,h,t =
∑

g

w̄g,r,h,t

(

ln p′g,r,t − ln pg,r,t
)

, (4)412

w̄g,r,h,t =
1
2

(

wg,r,h,t + w′

g,r,h,t

)

, (5)413

where g indexes consumption categories; pg,r,t and p′g,r,t denote category-level prices in the baseline414

and policy scenarios, respectively; and wg,r,h,t and w′

g,r,h,t denote the corresponding decile-speciࢸc415

expenditure shares. Using the average of baseline and policy expenditure shares ensures symmetric416

treatment of both states and provides a second-order approximation to changes in the cost of living,417

thereby avoiding bias from relying solely on base-period or policy-period weights.418

Diࢷerences in COLI across deciles are therefore driven by heterogeneity in consumption baskets.419

To represent these baskets, we use empirically estimated Engel curves that map expenditure levels420

to category-speciࢸc budget shares, allowing price changes to translate into heterogeneous welfare421

eࢷects across income groups.422

Consumption baskets and Engel curves423

We estimate Engel curves using cross-sectional household expenditure survey data aggregated to424

country-by-expenditure-decile cells. Regional estimation is performed separately by region, pooling425

all countries within each region and including country xedࢸ eࢷects to absorb country-speciࢸc price426

levels and measurement diࢷerences. For each consumption category g, we estimate:427

logit (wr,c,h,g) = αr,g + βr,g,1 lnEr,c,h + βr,g,2(lnEr,c,h)
2 + δr,c + εr,c,h,g. (6)428

Here wr,c,h,g is the expenditure share of category g for expenditure decile h in country c (within429

region r), Er,c,h is total expenditure for the corresponding cell, and δr,c denotes country xedࢸ eࢷects.430

The estimated regional Engel curves are then used to project decile-speciࢸc consumption shares431

under future scenarios, conditional on their projected expenditure levels.432

To project consumption baskets beyond observed data, we extend these Engel curves using a two-433

stage extrapolation procedure. First, regional Engel curves are used where projected expenditures434

remain within historical support. When projections extend beyond this range, predicted shares are435

gradually shifted toward pooled (global) Engel curves, which provide a more stable representation436

of consumption patterns at higher income levels. This transition is deࢸned at the region–year level437

based on exceedance of empirical lower or upper support and is implemented smoothly to avoid438

discontinuities.439

Second, to prevent implausible upper-tail behavior, we impose shape restrictions on a subset of440
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pooled Engel curves. For categories where historical evidence supports saturation rather than de-441

clining absolute consumption at high income levels (e.g., electricity, transport energy, and food442

categories), we constrain the upper-tail response to rule out excessively steep declines in expendi-443

ture shares. These restrictions apply only when projections extend beyond the empirical support444

of the pooled data, preserving tࢸ within observed ranges while ensuring economically plausible445

extrapolation (see SI).446

Finally, projected consumption shares are reconciled with IAM-implied aggregate consumption447

patterns through a matrix-balancing (RAS-type) calibration step. This adjustment ensures consis-448

tency with aggregate category-level consumption while preserving the relative consumption patterns449

across expenditure deciles within each category (see SI).450

Global climate fund and revenue recycling schemes451

Our framework distinguishes between (i) the IAM-consistent baseline allocation of emission-tax452

revenues, (ii) a global fund that governs the nancingࢸ of net-negative emissions, and (iii) alternative453

within-region redistribution schemes.454

REMIND treats carbon pricing revenues as revenue-neutral, such that aggregate consumption paths455

already reࢹect recycling in general equilibrium. In our analysis, this implies that the baseline al-456

location of tax revenues is eࢷectively distribution-neutral across expenditure deciles. We there-457

fore interpret the downscaled decile-level consumption as reࢹecting an inequality-neutral recycling458

benchmark.459

In overshoot pathways, net-negative emissions can generate negative carbon pricing revenues, eࢷec-460

tively implying a subsidy requirement for carbon dioxide removal (CDR) activities. In cost-eࢺcient461

IAM pathways such as REMIND, CDR is deployed where it is cheapest, leading to a strong geo-462

graphic concentration of net-negative emissions. This implies that the associated nancingࢸ burden463

would fall disproportionately on a small number of regions, although such an allocation does not464

reࢹect plausible real-world burden-sharing. To account for international and intertemporal equity465

considerations, we introduce a global climate fund that pools carbon pricing revenues across regions466

and over time. Regions with positive tax revenues contribute a uniform share of their revenues to467

the fund each period, while the fund covers the nancingࢸ requirement associated with net-negative468

emissions in later periods. The fund is designed to remain solvent over time and does not require469

borrowing, ensuring consistency with the underlying IAM framework.470

To examine how alternative revenue recycling designs shape distributional outcomes, we consider an471

equal-per-capita (EPC) recycling scheme as a redistributional perturbation that leaves aggregate472

consumption unchanged but redistributes tax revenues across deciles. This allows us to isolate473

the distributional eࢷects of alternative recycling designs while preserving IAM-consistent aggregate474
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outcomes.475

In the main analysis, recycled revenue is deࢸned as carbon pricing revenue from GHG emissions in476

the energy system, reࢹecting an institutionally plausible tax base for redistribution. Broader tax477

bases, including agricultural emissions, are considered in the Supplementary Information.478

Data and macro–micro interface479

We take the macroeconomic environment from REMIND–MAgPIE and use regional aggregate con-480

sumption expenditure Er,t, category-level price indices pg,r,t, representative household expenditure481

shares wIAM
g,r,t , and regional carbon pricing revenues Tr,t.482

Within-region expenditure distributions are parameterized using SSP2-consistent Gini projec-483

tions53.484

Micro-level consumption behavior is captured using a harmonized household expenditure database485

covering 88 countries48. The data are aggregated to expenditure deciles and used to estimate486

region-speciࢸc and pooled Engel curves linking total expenditure to category-level budget shares.487

Data and code availability488

Data and code supporting the ndingsࢸ of this study will be made publicly available upon acceptance.489
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Extended Data Figures518
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Extended Data Figure 1. Intertemporal dynamics of emissions, temperature, and carbon prices
across scenarios | (a) Annual CO2 emissions under a current-policy scenario (NPi), a low-overshoot
1.5◦C pathway (LO), and a high-overshoot 1.5◦C pathway (HO). The LO pathway achieves rapid
emissions reductions and reaches net zero around mid-century, whereas the HO pathway delays
mitigation and relies on substantial net-negative emissions in the second half of the century; (b)
global mean surface temperature change relative to pre-industrial levels. The LO pathway limits
peak warming and returns to 1.5◦C earlier, whereas the HO pathway exhibits a higher and more
prolonged temperature overshoot before declining by 2100; and (c) regional carbon prices across
scenarios. In the low-overshoot (LO) pathway, carbon prices rise rapidly and stabilize after mid-
century, whereas in the high-overshoot (HO) pathway they increase more gradually at rstࢸ before
escalating sharply in the second half of the century. Regional diࢷerentiation is present in early
years, with prices converging across regions by around 2050.
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Extended Data Figure 2. From Engel curve estimation to projected consumption: regional–global
blending | (a) Engel curves for building electricity (EUR and OAS); shaded areas indicate data
support, dashed and dotted lines show regional and pooled estimates, and colored lines represent
blended curves used for projection each year; (b) time-varying blending weights between regional
and pooled curves (0 = using fully regional estimates, 1 = fully using global pooled); and (c)
projected absolute consumption across deciles, with the black line denoting the regional mean.
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Extended Data Figure 3. Price changes relative to the NPi scenario across energy and food cat-
egories | (a) Energy-related prices (% change relative to NPi) across regions, showing earlier and
stronger increases under LO and more delayed but persistent increases under HO; and (b) food-
related prices, with substantially larger and more persistent increases than energy prices, partic-
ularly for animal products. Price responses exhibit strong regional heterogeneity, with especially
large increases in Latin America and Sub-Saharan Africa, while solid lines denote the LO pathway
and dotted lines denote the HO pathway.
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Extended Data Figure 4. Intertemporal burden sharing through carbon revenues and a global
climate fund | Carbon revenues and climate fund transfers over time across regions under LO and
HO pathways. Positive carbon revenues in early decades are partially allocated to a global climate
fund, which accumulates resources and nancesࢸ net-negative emissions in later periods. The uniform
saving rate is 0.542 in HO and 0.81 in LO, applied to all regions in all periods with positive carbon
revenues. In later periods, the fund nancesࢸ all net-negative CDR, so that negative revenue owsࢹ
are oࢷset by corresponding fund payouts.
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