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Extend
ed 
Data 
Fig. 1 

Extended 
data Fig. 1: 
Illustration 
of the 
scenario 
setup for 
this study. 
 

ExtDat_Fig1_SDP_paper_elements_final.jpg Extended 
data Fig. 1: 
Illustration 
of the 
scenario 
setup for 
this study. 
The setup 
was 
designed to 
analyse the 
collective 
and 
individual 
impact of a 
range of 
sustainable 
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developmen
t 
interventions
: A - 
developme
nt, B - 
resource 
efficiency, 
C - climate 
change 
mitigation. 
D - food 
and energy: 
sufficient, 
healthy and 
sustainable 
nutrition; 
improved 
access to 
modern 
energy 
services in 
lower-
income 
regions; 
ambitious 
shift to 
sustainable 
lifestyles in 
high-income 
regions; 
additional 
energy- and 
land-system 
sustainabilit
y policies. E 
- global 
equity: 
international 
burden 
sharing 
through 
climate and 
developmen
t finance. F - 
equality 
and poverty 
alleviation: 
progressive 
redistributio
n policies 
funded from 
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the carbon 
pricing 
revenues. 
Note that 
the SDG 
icons 
attached to 
the 
interventions 
serve only 
as an 
illustration of 
the SDGs 
that are 
most 
strongly 
affected by 
the 
respective 
intervention, 
and are not 
intended to 
imply a 
specific 
grouping of 
SDGs.  

Extend
ed 
Data 
Fig. 2 

Extended 
data Fig. 2: 
Overview of 
the 
modelling 
framework. 

ExtDat_Fig2_SDP_model_toolbox_final.jpg Extended 
data Fig. 2: 
Overview of 
the 
modelling 
framework. 
We show 
the linkages 
between the 
different 
models 
comprising 
our 
modelling 
framework 
built around 
REMIND-
MAgPIE. 
The linkage 
between 
REMIND 
and MAgPIE 
is bi-
directional 
(iterative 
soft 
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coupling), 
the linkages 
to the 
downstream 
models for 
further SDG 
indicators 
are one-
directional. 
The most 
relevant 
variables 
passed 
between 
models are 
specified 
next to the 
arrows. The 
colour-
coding of 
the 
additional 
models 
broadly 
matches the 
SDGs they 
cover. 

Extend
ed 
Data 
Fig. 3 

Extended 
data Fig. 3: 
Decomposi
tion of the 
SD 
interventio
ns D-F: 

ExtDat_Fig3_waterfall_selection_decomposition_ener
gyFirst_final.jpg 

Extended 
data Fig. 3: 
Decomposi
tion of the 
SD 
interventio
ns D-F: We 
unpack the 
additional 
SD 
interventions 
that are part 
of our SDP 
scenario 
(shown 
together in 
Fig. 2 in the 
main paper) 
into the 
steps D-
energy (both 
demand & 
supply), D-
food 
(nutrition & 
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land use), E 
(global 
equity) and 
F (national 
redistributio
n). This 
decompositi
on highlights 
the effect of 
the 
individual 
interventions 
on the 
respective 
SDG 
indicator. 
Note that 
the 
interventions 
are “applied” 
incrementall
y, i.e. we 
show the 
additional 
effect of an 
intervention 
starting from 
a scenario 
already 
including the 
previous 
interventions 
(same as in 
Fig. 2 in the 
main paper). 
Therefore 
the order of 
interventions 
matters in 
this 
decompositi
on. A more 
thorough 
discussion 
of this 
decompositi
on (including 
this figure) is 
given in SI 
Section 3. 

Extend Extended 
data Fig. 4: 

ExtDat_Fig4_LU_overview_figure_final.jpg Extended 
data Fig. 4: 
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ed 
Data 
Fig. 4 

Regional 
outcomes 
for selected 
indicators 
that 
describe 
key 
dynamics 
of the land 
and food 
system. 

Regional 
outcomes 
for selected 
indicators 
that 
describe 
key 
dynamics 
of the land 
and food 
system. 
Transparent 
wide bars 
represent 
2030 values, 
solid thin 
bars are 
values for 
2050 and 
the 2015 
values are 
given by the 
dotted 
vertical 
lines. We 
show the 
SSP2-NDC 
(red, top), 
SSP1-1.5C 
(green, 
centre) and 
SDP-1.5C 
(blue, 
bottom) 
scenarios; 
the SSP1-
NDC 
scenario is 
omitted for 
reasons of 
visual 
clarity. a: 
Drivers of 
land use 
(crop 
demand, the 
share of 
plant-based 
protein in 
total dietary 
protein 
supply and 
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bioenergy 
demand), b: 
Production 
and food 
system 
characteristi
cs (N 
surplus on 
cropland, 
cereal yields 
and food 
price index 
w.r.t. 2010), 
c: 
Agricultural 
land 
(including 
cropland for 
food/feed 
crops and 
dedicated 
bioenergy 
crops as 
well as 
pasture) d: 
Forest cover 
differentiate
d between 
unmanaged 
(primary as 
well as 
secondary) 
forest and 
managed 
forest 
(including 
timber 
plantations 
and 
afforestation
). Region 
abbreviation
s: Sub-
Saharan 
Africa 
(SSA), India 
(IND), Latin 
America 
(LAM), 
European 
Union 
(EUR), 
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United 
States of 
America 
(USA). A 
more 
detailed 
discussion 
on the land 
and food 
system 
(including 
this figure) is 
given in 
Section 4.1 
of the SI. 
 

Extend
ed 
Data 
Fig. 5 

Extended 
data Fig. 5: 
Regional 
and 
sectoral 
outcomes 
for selected 
energy 
system 
dynamics 
indicators. 

ExtDat_Fig5_energy_dyn_final.jpg Extended 
data Fig. 5: 
Regional 
and 
sectoral 
outcomes 
for selected 
energy 
system 
dynamics 
indicators. 
Transparent 
wide bars 
represent 
2030 values, 
solid thin 
bars are 
values for 
2050, the 
2015 values 
are given by 
the dotted 
vertical line. 
We show 
the SSP2-
NDC (red, 
top), SSP1-
1.5C (green, 
centre) and 
SDP-1.5C 
(blue, 
bottom) 
scenarios; 
the SSP1-
NDC 
scenario is 
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omitted for 
reasons of 
visual 
clarity. a: 
Sectoral 
final energy 
demand per 
capita, b: 
Electricity 
and 
hydrogen 
share of 
final energy, 
by sector c: 
Total final 
energy 
demand 
compared to 
the 2050 
values of 
Grubler et 
al.34 and 
Millwards-
Hopkins et 
al.43 and the 
2030 values 
of the IEA 
“Sustainable 
Developmen
t” 
scenario112. 
Note the 
imperfect 
mapping 
between the 
IEA “Africa” 
region and 
our SSA 
region. The 
Grubler et 
al. model 
only 
distinguishe
s between 
two model 
regions 
(Global 
North and 
Global 
South). d: 
Sectoral 
CO2 
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emissions. 
Region 
abbreviation
s: Sub-
Saharan 
Africa 
(SSA), India 
(IND), China 
(CHA), 
Europe 
(EUR), 
United 
States of 
America 
(USA). A 
more 
detailed 
discussion 
on the 
energy 
system 
(including 
this figure) is 
given in 
Section 4.2 
of the SI. 
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 37 

 38 
Abstract 39 
Ambitious climate policies, as well as economic development, education, technological 40 
progress, and less resource-intensive lifestyles, are crucial elements for progress towards 41 
the UN Sustainable Development Goals (SDGs). However, using an integrated modelling 42 
framework covering 56 indicators or proxies across all 17 SDGs, we show that they are 43 
insufficient to reach the targets. An additional sustainable development package including 44 
international climate finance, progressive redistribution of carbon pricing revenues, sufficient 45 
and healthy nutrition, and improved access to modern energy enables a more 46 
comprehensive sustainable development pathway. We quantify climate and SDG outcomes, 47 
showing that these interventions substantially boost progress towards many aspects of the 48 
Agenda 2030 and simultaneously facilitate reaching ambitious climate targets. Nonetheless 49 
several important gaps remain, for example with respect to the eradication of extreme 50 
poverty (180 million people remaining in 2030). These gaps can be closed until 2050 for 51 
many SDGs, while also respecting the 1.5°C target and several other planetary boundaries. 52 
 53 

 54 

 55 

 56 
A transformation towards sustainability requires tackling multiple crises simultaneously. By 57 
adopting an ambitious agenda for fostering human well-being within planetary boundaries - 58 
the Paris Agreement and the Sustainable Development Goals (SDGs) - world leaders 59 
acknowledged this urgent need in 2015. However, five years into both of these agreements, 60 
reviewing the progress towards their targets is sobering1,2. Given the narrow 2030 time 61 
horizon of the SDGs, and the risk of losing achievability of the Paris climate targets3, it is 62 
important to assess how synergies between climate action and other SDGs can be fully 63 
exploited through rapid and coordinated action, and which interventions are required to do 64 
so4,5.  65 
Modelling pathways towards a sustainable future requires quantitative coverage of the SDG 66 
space, including the interconnections between SDGs6–13. For example, ambitious climate 67 
action has co-benefits and trade-offs for other objectives14–19. While trade-offs affect land 68 
use, biodiversity20, food prices21,22, and energy access23,24, these can be softened by more 69 
integrated policy-making25–27. While a few existing studies quantify multiple sustainability 70 
indicators18,26,28,29 or include additional sustainability measures26,28,30, overall existing 71 
scenarios cover only a small part of the SDG space and do not meet many of the targets31,32. 72 
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Here we structure integrated strategies towards sustainable development along six 73 
interventions A-F (see Extended data Fig. 1) and study their interaction within a scenario 74 
framework. Interventions A (development) and B (resource efficiency and lifestyle change) 75 
align with the sustainability scenario (SSP1) from the Shared Socioeconomic Pathways33. 76 
Intervention C introduces ambitious climate change mitigation, for which previous modelling 77 
studies30,34,35 have already highlighted the synergies of interventions A and B. Our study 78 
identifies an additional  set of synergistic interventions to boost progress towards many 79 
aspects of the Agenda 2030: A “climate & development” scheme connects international 80 
climate finance (intervention E) with national poverty alleviation programmes financed from 81 
carbon pricing revenues (F). We further include a deepened shift in consumption patterns 82 
combined with energy- and land-system sustainability policies (together intervention D). The 83 
shift includes a comprehensive transition towards sufficient, healthy and sustainable 84 
nutrition36, enhanced access to modern energy in developing regions, and a more ambitious 85 
lifestyle shift in industrialized economies.  86 
We quantify the role of this sustainable development package, in concert with interventions 87 
A-C, in a sustainable development pathway (SDP) scenario. Our analysis integrates the 88 
coupled energy-economy-land-climate modelling framework REMIND-MAgPIE37 with several 89 
additional models (Ext.dat. Fig. 2).  We cover 56 SDG indicators or proxies from all 17 90 
SDGs, which are selected from a condensed SDG target space8,31,32 and/or through a 91 
mapping to the official SDG targets and indicators. This comprehensive (albeit still 92 
incomplete) set comprises indicators relating to (i) scenario assumptions, (ii) endogenous 93 
outcomes from the main REMIND-MAgPIE framework, or (iii) results from downstream 94 
models. We include the effects of rising CO2

 concentrations on the oceans, and projections 95 
for the development of political institutions and peace (the absence of violent conflict), as in 96 
particular the latter two are key for an effective and inclusive implementation of the Agenda 97 
2030. 98 
The SDP scenario developed in this study outlines an ambitious pathway for substantial 99 
progress towards many aspects of the Agenda 2030. At the same time, it highlights which 100 
SDGs are challenging to achieve by 2030 and even by 2050, and thus sheds light on 101 
bottlenecks and trade-offs between different targets.  102 
 103 

Results 104 

We contrast our SDP scenario with a number of other SSP scenarios with different climate 105 
policy ambition levels to highlight the effects of the different interventions on SDG outcomes 106 
(Ex.dat. Fig. 1). These scenarios include a continuation of historical trends with further 107 
incremental climate policies according to the Nationally Determined Contributions (SSP2-108 
NDC), and a push towards more rapid development and less resource-intensive lifestyles 109 
(interventions A & B, SSP1-NDC). Adding ambitious climate policies compatible with the 110 
1.5°C target (C) yields the SSP1-1.5C scenario that resembles existing sustainability-111 
focused mitigation pathways3. Our SDP-1.5C scenario additionally includes a package of 112 
sustainable development interventions (D-F).  113 
Importantly, we represent some interventions through explicit policy measures (e.g. carbon 114 
pricing in intervention C, and redistributive measures in E & F). For other interventions, we 115 
capture their outcome through a scenario assumption without explicitly resolving the 116 
underlying policy measures or societal trends (e.g. healthier diets and improved energy 117 
access in intervention D, and better education in A). Some interventions also reflect societal 118 
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trends that go hand in hand with associated policy measures. An overview of the 119 
interventions and their representation in our modelling framework is given in Supplementary 120 
Tables S2 and S3.  121 
 122 
For discussion of SDG indicator outcomes we group them into the five major clusters32 123 
planetary integrity, provision of material needs, people, prosperity, and political 124 
institutions/peace/partnership. As a high-level summary of our results, we show a selection 125 
of global SDG indicators in Fig. 1. Subsequently we discuss the effects of the different 126 
interventions and the remaining SDG achievement gap both at the global (Figs. 2 & 3) and 127 
regional level (Figs. 4 & 5). Our main discussion largely focuses on one headline indicator 128 
for most SDGs. More detailed results and a discussion of the full indicator set for all SDG 129 
clusters are available in the extensive SI. We provide a list of our indicators, their relation to 130 
the official SDG targets, and a categorization into scenario assumptions, endogenous model 131 
results, and further post-processing in Table S1.  132 
  133 

Planetary integrity (SDGs 13, 14, 15) 134 

Averting dangerous climate change and preserving the integrity of the biosphere38 provide 135 
the essential foundation for long-term human well-being on planet Earth. As high-level 136 
proxies for planetary integrity we consider annual greenhouse gas (GHG) emissions, global 137 
mean temperature (GMT) increase, the aragonite saturation state (ocean acidification), the 138 
biodiversity intactness index (BII), and the industrial and intentional biological fixation of 139 
nitrogen in agriculture (Fig. 1). 140 
In our SDP scenario, global GHG emissions are reduced rapidly, dropping to 33 Gt CO2-e/yr 141 
in 2030 and to 10 Gt CO2-e/yr in 2050. Notably, a rapid reduction of agricultural CH4 and N2O 142 
emissions beyond what has been reported for 1.5°C pathways in the literature3 allows 143 
meeting the 1.5°C target with a 100 Gt higher CO2 budget39, facilitating the transition in 144 
energy and transport and reducing the need for carbon dioxide removal technologies 145 
considerably (see “Climate policy” in Methods and SI Fig. S1 for details). The median 146 
warming in our SDP scenario barely overshoots the 1.5°C target, and returns to around 147 
1.3°C warming by the end of the century. Furthermore, ocean acidification is halted at 148 
aragonite saturation levels preventing adverse conditions for the dominant marine calcifying 149 
organisms40. 150 
While in both ambitious mitigation scenarios primary forest is fully conserved and loss of 151 
terrestrial biodiversity is halted, only the SDP scenario achieves modest improvements in 152 
biodiversity by mid-century (BII = 0.8 in 2050). It also breaks the ever-increasing trend in the 153 
human impact on the nitrogen cycle, reducing human-induced fixation to around 120 Mt N/yr 154 
in 2050, which is, however, still around one third above the suggested planetary boundary36. 155 
 156 

Provision of material needs and sustainable resource management (SDGs 2, 6, 7, 12)  157 

This second cluster encompasses the universal provision of basic material needs, while 158 
simultaneously managing natural resources in a sustainable way. Above all, this means a 159 
world without hunger, and with universal access to clean water and modern energy.  160 
Our SDP scenario assumes an achievement of zero hunger by 2050 and a reduction of 161 
malnourishment by nearly half by 2030, taking into account the required higher food 162 
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demand. We further assume that diets gradually shift towards healthy and sustainable 163 
patterns with less animal protein as recommended by the EAT-Lancet Commission36, and 164 
that the trend of increasing food waste can be reversed. As a consequence, we find no 165 
major trade-off between sufficient nourishment for the global population and the 166 
environmental indicators associated with food production41,42. For example, agricultural water 167 
use can be reduced by more than a quarter by 2050. This brings agriculture, which accounts 168 
for the lion’s share of human water use today, in line with planetary boundaries38. The 169 
reduced pressure on land also eliminates food price increases seen in the SSP1-1.5C 170 
scenario (cf. Fig. 2 below), underpinning the faster decrease of malnourishment in the SDP 171 
scenario.    172 
We consider useful energy consumption for buildings and mobility as a proxy for access to 173 
modern energy services in developing regions, as it directly captures the energy available for 174 
the service after accounting for conversion efficiencies. For our SDP scenario we project an 175 
increase to 6.4 GJ/cap/yr in 2030 and to 15 GJ/cap/yr in 2050, around 75% (2030) / 320% 176 
(2050) above the current (2015) value and largely sufficient to meet energy requirements for 177 
decent living standards43. Over the same time horizon, the average value in OECD regions 178 
decreases by over 20% to 36 GJ/cap/yr, reflecting a transition away from energy-intensive 179 
lifestyles (see also Ext.dat. Fig. 5 and SI-Fig. S6 for final energy values and a breakdown 180 
into demand sectors and regions).  181 

 182 

People (SDGs 1, 3, 4, 5) 183 

Eradicating extreme poverty, providing for people’s health, and ensuring access to education 184 
and gender equality represent the human development core of the Agenda 2030. We project 185 
that the prevalence of extreme poverty will be reduced to around 180 million people (poverty 186 
rate 2.3%) in our SDP scenario by 2030, a substantial reduction compared to the around 750 187 
million people (10%) in 2015. However, it is not sufficient to fully reach the target of zero 188 
poverty, which is achieved only by 2050. 189 
The transition away from fossil fuels substantially reduces the detrimental effects of outdoor 190 
air pollution on public health. We find that the SDP scenario leads to 5 million fewer disability 191 
adjusted life years lost annually in 2030 compared to current (2015) levels, and around 25 192 
million fewer in 2050. This is similar to the SSP1-1.5C scenario, despite the slightly higher 193 
CO2 budget and the larger energy demands in developing regions in the SDP. Nonetheless, 194 
health and mortality impacts from air pollution remain well above the target levels estimated 195 
from WHO guidelines (see also SI-Fig. S9 and SDG 11 below). 196 
Based on the SSP1 education data, which we also assume in the SDP scenario, the share 197 
of the adult population without school education decreases continuously. However, due to 198 
the older cohorts with worse education histories, the decrease is insufficient to meet the 199 
aspirational target of zero by 2030 or even by 2050. Considering only the school-leaving 200 
cohorts, the improvements are substantially more pronounced (SI Fig. S10). For the latter, 201 
also the gender education gap (the difference between genders in lower secondary 202 
education completion shares) already nearly closes by 2030.  203 
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 204 

Prosperity (SDGs 8, 9, 10, 11) 205 

The aspiration underlying the SDGs is to provide both prosperous and sustainable living 206 
conditions for all global citizens. We quantify this using metrics of between- and within-207 
country inequality, together with indicators for industry sustainability and living conditions in 208 
cities.  209 
Our SDP scenario assumes a convergence of income levels between countries: the ratio of 210 
global average GDP/capita to the OECD value increases from 33% in 2015 to 43% in 2030 211 
and to 57% in 2050 (in PPP). However, despite rapid income growth in developing regions, 212 
regional disparities remain, with Sub-Saharan Africa reaching only 10% (21%) of the OECD 213 
GDP/capita in 2030 (2050). Inequality within countries is reduced steadily, with the fraction 214 
of the population in relative poverty (below 50% of the national median income) decreasing 215 
from a global average of 18.5% in 2015 to 16.9% in 2030 and 14.5% in 2050.  216 
The transition to cleaner production methods in industry starts off at modest pace due to the 217 
inertia of existing capital stocks, with the share of clean energy (electricity & hydrogen) in 218 
global industrial energy increasing only modestly to 26% in 2030. The transition 219 
subsequently accelerates, driven by cheaper renewable electricity, utilising the full potential 220 
of demand-side electrification44, and reaching a clean energy share of 62% by 2050. The 221 
transition away from fossil fuels reduces urban air pollution substantially, with the globally 222 
averaged PM2.5 concentration in cities being reduced by around 40% until 2050. However, 223 
increased energy demands in developing regions partially offset air pollution benefits from 224 
decarbonizing the energy supply.  225 
 226 

Political institutions, peace & partnership (SDGs 16, 17) 227 

Governing the ambitious transformation to sustainability requires peace, strong national and 228 
global institutions, and extensive global cooperation45–47. SDG 16 and 17 are therefore 229 
targets, but also preconditions for sustainable development27. The optimistic socio-economic 230 
scenario assumptions for the SSP1 and SDP scenarios therefore imply strong institutions 231 
and peace (intervention A, Ext.Dat. Fig. 1). To capture these two factors quantitatively, we 232 
model for each country the quality of rule of law and individual liberties48 and the number of 233 
armed conflict fatalities49,50. The SDP and the SSP1 scenarios describe overall converging 234 
institutional quality, but nevertheless substantial regional differences remain. The global 235 
population-weighted average of the institutional quality indicator (range 0-1) improves 236 
moderately from 0.61 in 2015 to 0.76 in 2050, but falls short of the target value of 0.932. All 237 
scenarios project further declining numbers of armed conflict fatalities (following a recent 238 
maximum of over 140,000 fatalities in 2014), however initially only at a slow pace. By 2050, 239 
only the SDP and SSP1 scenarios project a substantial probability of reducing armed 240 
fatalities to less than 20,000 fatalities (the recent minimum in 2005). However, these 241 
projections are associated with considerable uncertainty, since our models include only 242 
those structural covariates of institutional quality and peace for which long-term scenario 243 
projections currently exist.  244 
Mitigating climate change requires global cooperation and effort sharing, and thus our SDP 245 
scenario assumes that international climate finance is scaled up rapidly and goes beyond 246 
the 100 billion $/yr target for 2020. We employ a stylized “climate & development” package 247 
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that operationalizes the “partnership for the goals” (SDG 17) and leads to international 248 
transfers of around 350 billion $/yr in 2030, increasing to 910 billion $/yr by 2050. These 249 
funds are used to finance poverty alleviation policies (see Methods for details). 250 
 251 

Effects of different interventions, synergies and trade-offs 252 

We decompose the changes in SDG indicator values into a continuation of current trends 253 
and the effects of the different interventions (Fig. 2), classifying indicators according to (i) 254 
positive or negative current trends, and (ii) synergies or trade-offs with climate policies. More 255 
rapid development and resource efficiency (interventions A & B) improve nearly all 256 
indicators, but in many cases a large gap to the target values remains, particularly for 257 
indicators with a combination of negative current trends and trade-offs with climate policy 258 
(see below).  259 
The clean energy share in industry and the air pollution concentration in cities show positive 260 
trends and synergies with climate policies (not shown in Fig. 2). Most developmental 261 
indicators (e.g. extreme poverty and energy access) also have positive trends, but show 262 
trade-offs with climate policies, largely driven by higher energy and food prices (Fig. 2a-f). By 263 
contrast, most environmental indicators display worsening trends (Fig. 2g-i). While 264 
biodiversity and ocean acidification improve with mitigation policies, agricultural water use is 265 
largely unaffected, and nitrogen fixation shows a modest trade-off. The direction and 266 
magnitude of climate policy side effects does not change substantially when reversing the 267 
order of the decomposition (see Sec. 3 and Fig. S18 in SI).  268 
Our additional SD interventions (D-F) particularly improve the indicators for inequality, 269 
energy access and food security, and compensate (reduce) the rise of food (energy) prices 270 
(Fig. 2a-f). A decomposition into the individual interventions highlights the synergy between 271 
international transfers (E) and national redistribution (F) for reducing extreme poverty 272 
(Ext.dat. Fig. 3b, SI Sec. 3). Further splitting intervention D into food- and energy-related 273 
parts reveals that the shift to a healthy and sustainable diet (D-food) limits energy price 274 
increases by increasing the 1.5�-compatible CO2 budget (Ext.dat. Fig. 3f), however at the 275 
expense of a marginally worse ocean acidification and environmental footprint of energy 276 
supply. 277 
We furthermore find pronounced co-benefits for environmental pressures in the land-use 278 
system, reducing agricultural water use and human-induced nitrogen fixation, and reverting 279 
the trends of biodiversity loss (Fig. 2g-i).  280 

 281 

Global SDG achievement and gaps 282 

There is considerable progress in closing the gap between current (2015) indicator values 283 
and their targets in our SDP scenario, especially compared to the SSP2-NDC reference 284 
scenario (Fig. 3). While the improvements are insufficient to achieve most of the targets for 285 
our headline indicators by 2030, there is substantial further progress until 2050, such that 286 
many targets are (nearly) met by then. For example, extreme poverty is reduced to nearly 287 
zero and underweight is eradicated (the latter by assumption), while at the same time the 288 
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planetary boundaries on GHG emissions, water use, and biodiversity intactness are largely 289 
respected. 290 
 291 

 292 

Regional effects of interventions 293 

We further show the effects of the SD interventions for selected regions (Fig. 4), illustrating 294 
how they create synergies and mitigate trade-offs between different SDGs. A more in-depth 295 
discussion of the land- and energy-system dynamics is given in the SI (Sec. 4, see also 296 
Ext.dat. Figs. 4 and 5). 297 
The transition to a healthy and sustainable nutrition avoids an increase of food prices caused 298 
by climate policies. This leads to lower food expenditures especially in Sub-Saharan Africa 299 
(SSA) while increasing food availability (Fig. 4a). Agricultural N2O and CH4 emissions are 300 
drastically reduced across all regions, making it substantially easier to reach ambitious 301 
climate targets. Similarly, a transition away from energy-intensive lifestyles in industrialized 302 
countries (Fig. 4b) facilitates the decarbonization of energy supply. Taken together, this puts 303 
the 1.5°C target into reach with substantially lower carbon prices: we project around 150 304 
$/tCO2 in 2030 for high-income regions and 25 $/t for SSA, around half the values of the 305 
SSP1-1.5C scenario. These lower prices reduce the risk of adverse policy side effects, also 306 
making a comprehensive carbon pricing scheme easier to implement from a political 307 
economy perspective. 308 
At the same time, SDG-compatible energy demands and rapid decarbonization can increase 309 
policy costs for developing regions, as for example reflected by the increased energy 310 
expenditure share in India in 2030 (Fig. 4b). However, these side effects are more than 311 
compensated by an international “climate & development” scheme financed partly from the 312 
carbon pricing revenues. The substantial financial inflows into developing regions (e.g. 120 313 
billion $/yr for SSA in 2030) lead to near-term policy costs close to zero, or even net policy 314 
gains (+3.7% of GDP for SSA in 2030, Fig. 4c). These funds are used alongside the national 315 
carbon pricing revenues to finance poverty alleviation policies, resulting in substantial 316 
reductions in relative poverty (e.g. -3.5 percentage points in SSA by 2030) and absolute 317 
poverty (-55 million people compared to SSP1-1.5C, Fig. 4d). 318 
 319 
 320 
 321 

Regional SDG achievement and gaps 322 

The regional analysis of projected SDG achievement illustrates key geographical differences 323 
(Fig. 5). Lower-income regions still show substantial gaps in the “Provision”, “People” and 324 
“Prosperity” clusters in 2030, reflecting that even our optimistic SDP scenario does not fully 325 
overcome insufficient access to modern energy and poverty (particularly in SSA) as well as 326 
malnourishment until then (the latter is by assumption eradicated until 2050). Furthermore, 327 
air pollution and its detrimental health effects remain at high levels particularly in India. On 328 
the other hand, lower-income regions show mostly high scores in the “Planet” cluster, 329 
reflecting modest per-capita emissions, lower inorganic nitrogen fertilizer use, and a more 330 
intact biosphere. For high-income regions we project mostly high scores in the “Provision”, 331 
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“People” and “Prosperity” clusters, although with some exceptions (e.g. high levels of 332 
inequality, agricultural water use and food waste in the USA). Most high-income regions, 333 
except for Japan, also show substantial gaps in the “Planet” cluster. 334 
These results reflect that, when viewed through a multi-dimensional SDG lens, no country or 335 
region has fully achieved sustainability in 2030 yet, but all need further development along 336 
certain dimensions. Importantly, however, both lower-income and high-income regions 337 
already substantially improve compared to the status quo51 until 2030, and for most 338 
indicators we project further progress until 2050 (see Sec. 5 & Fig. S22 in SI). 339 
 340 
 341 

Discussion 342 

Substantial progress towards many aspects of the Agenda 2030 is possible, but it requires a 343 
combination of strong policy interventions across multiple dimensions together with 344 
ambitious lifestyle changes: Healthy and sustainable diets drastically reduce non-CO2 GHG 345 
emissions, which increases the 1.5�-compatible CO2 budget and in turn limits carbon prices 346 
and policy costs (measured as relative GDP loss) despite higher, SDG-compatible energy 347 
demands in developing regions. Lower policy costs and a strongly reduced pressure on land 348 
limit the impact on energy and food expenditures, helping the poor to meet their needs. In 349 
addition, the national carbon pricing revenues and an ambitious international climate and 350 
development finance scheme provide funding for redistribution and poverty alleviation 351 
policies especially in developing countries. Taken together, these interventions enable 352 
substantial progress along the social and developmental dimensions without further 353 
exacerbating environmental degradation. Nonetheless, a substantial gap towards the targets 354 
remains, mainly due to inertia in existing systems. However, the Paris Agreement and the 355 
SDGs remain guiding principles also for longer-term sustainable development, and indeed 356 
we project that many of the persisting gaps can be closed by 2050. 357 
While our model-based SDP has the most comprehensive SDG coverage  available to date,  358 
we still only cover a subset of the full SDG space, and many indicators are mapped to 359 
proxies. For example, we cover access to electricity and clean cooking only implicitly through 360 
useful energy per capita, and address gender equality only through the gender education 361 
gap (which the official indicator set considers under SDG 4: education). A more explicit 362 
representation of SDG 5 indicators is challenging, but needed in future studies. Also, our 363 
additional SD interventions do not cover all SDGs, and as such certain indicators do not 364 
improve further between SSP1 and SDP (SDGs 4, 5, 8, 16).  365 
Although this framework provides a first step towards integrating governance factors (quality 366 
of political institutions and peace), we do not treat these factors endogenously yet. As an 367 
important next step, this would shed further light on their importance as preconditions (or 368 
also bottlenecks) for sustainable development.   369 
A key modelling assumption is the linking between climate policies and poverty alleviation 370 
through the national and international redistribution of carbon pricing revenues52,53. Notably, 371 
this requires strong institutional capacity at both levels, and other beneficial uses of these 372 
revenues such as education initiatives or infrastructure development54 are also possible. 373 
Furthermore, additional revenues for such development policies could be generated from 374 
other sources, such as bequest or land rent taxation.  375 
We do not attempt to quantify the adverse effects of climate impacts on SDG outcomes55. As 376 
such, the residual impacts below the 1.5� target and the benefits of mitigation policies 377 
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through avoided impacts remain important steps for future research towards a truly 378 
integrated assessment of sustainable development outcomes. 379 
Also the detrimental effects of the COVID-19 pandemic56,57 are not yet captured in our 380 
modelling framework, and thus the gap towards certain SDGs will likely be larger in a post-381 
pandemic world. While recovery packages to “build back better” are a political opportunity to 382 
better align policies with climate action and the SDGs58,59, they also face an adverse 383 
environment of tightening fiscal spaces and increasing societal strain.  384 
Despite these limitations, this comprehensive SDP scenario represents a pathway towards a 385 
more sustainable future. It demonstrates the possibility of moving towards the socio-386 
economic targets of the Agenda 2030, while at the same time respecting the Paris climate 387 
target and other key planetary boundaries. As such, it offers a vision of how to reconcile 388 
human well-being with planetary integrity. 389 

  390 
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        536 

Figure Legends/Captions (for main text figures) 537 

Fig. 1: Overview of headline SDG indicator values grouped into five clusters. We compare our 538 
sustainable development pathway scenario (SDP-1.5C) to a number of other scenarios (see main 539 
text). Grey shaded areas illustrate the target values (light shading for 2030 and dark shading for 540 
2050), where available. All indicators are global sums or (population-weighted) averages, with the 541 
exception of useful energy (UE) per capita where we show an average of lower-income regions 542 
(REMIND-MAgPIE regions Sub-Saharan Africa, India, East Asian countries except for China and 543 
Japan). “Global income convergence” is the ratio of global GDP/capita to the OECD GDP/capita. For 544 
the “planetary integrity” cluster we show results until 2100, otherwise we restrict them to the time 545 
horizon until 2050. Abbreviations: DALYs - disability adjusted life years, PM2.5 - fine particulate 546 
matter (diameter < 2.5 micron). 547 

 548 
 549 
Fig. 2: Decomposition of SDG outcomes, highlighting the effects of the different interventions. The 550 
first step in dark red denotes the trend from 2015 to 2030 (or 2050) assuming no major break with 551 
recent historical trends and the implementation of current NDCs (SSP2-NDC). The second step 552 
illustrates the shift to a pathway with more rapid development, higher resource efficiency and more 553 
environmentally conscious lifestyles (SSP1-NDC, yellow), while the third step shows the addition of an 554 
ambitious, Paris-compliant climate policy (SSP1-1.5C, green). The final step, representing the major 555 
innovation of this paper, illustrates the added value of additional sustainable development 556 
interventions in the domains of inequality and poverty, nutrition, and energy access, as well as 557 
additional energy and land-use policies (SDP-1.5C, blue). The first two rows of indicators show SDG-558 
related outcomes in 2030, the final row relates to planetary boundaries in 2050. Target values for 559 
2030 (2050) are indicated by the dashed lines. 560 
 561 
 562 
 563 
Fig. 3: Global SDG achievement and gap analysis for selected indicators: A value of zero 564 
represents the value of the indicator in 2015, whereas 100% indicates that the target is fully met or 565 
even exceeded. SSP2-NDC and SDP-1.5C scenarios are shown as bars, the “intermediate” scenarios 566 
SSP1-NDC and SSP1-1.5C using symbols. The left panel shows results for 2030, whereas the right 567 
panel is for 2050. (An overview of the used targets is given in Table S1 in the SI. In some cases 2050 568 
targets are more ambitious than 2030 targets.) Negative values represent a worsening of the 569 
situation. We have cut the scale at -30%, but note that the indicators “Agricultural water use”, “Food 570 
waste”, “Biodiversity intactness, and “Nitrogen fixation” deteriorate far beyond this value in the SSP2-571 
NDC scenario (see also their values compared to the targets in Fig. 1). With the exception of “Useful 572 
energy buildings & mobility”, which shows the average value of lower-income regions, all indicators 573 
are global sums or averages. Aragonite saturation (SDG 14) was excluded as current values are so 574 
close to the target value that the gap indicator is not meaningful. 575 
 576 
 577 
Fig. 4: Regional outcomes for selected indicators resulting from the SD interventions. 578 
Transparent wide bars represent 2030 values, solid thin bars are values for 2050. For comparison, the 579 
2015 value is shown by the black line. We show the SSP2-NDC (red, top), SSP1-1.5C (green, centre) 580 
and SDP-1.5C (blue, bottom) scenarios; the SSP1-NDC scenario is omitted for reasons of visual 581 
clarity. a: Food: Land-use related emissions, nutrition, and food expenditures. b: Energy: Emissions 582 
from fossil fuels and industry, energy demand and energy expenditures. c: Climate policy and 583 
global cooperation: Carbon price, international climate & development finance and policy costs 584 
(change in GDP) d: Inequality and poverty: Prevalence of extreme poverty, relative poverty rate, 585 
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income convergence between regions. Regions: Sub-Saharan Africa (SSA), India (IND), European 586 
Union (EUR), United States of America (USA); selected to highlight the different sustainability 587 
challenges faced by low-to-middle and high-income regions, and the diversity within these groups. 588 
See Ext.dat. Figs. 4 and 5 for additional indicators and regions. 589 
 590 
 591 
Fig 5: Regional SDG indicator scores in our SDP scenario in 2030: For each region, the five 592 
circles represent the five clusters “Planetary integrity”, “Provision of material needs”, “People”, and 593 
“Prosperity” and “Political institutions” (left to right), divided into segments according to the numbers of 594 
contained SDGs. The colour fill for each segment shows the regional score for the respective SDG 595 
headline indicator (see Table S1), with an empty segment corresponding to the worst regional value in 596 
2015 (see Methods for details). Where required, we convert indicators to per capita values or rates for 597 
comparability between regions (note that this differs from the global score in Fig. 3). For reference, we 598 
show at the bottom left an annotated version of the population-weighted global average score, and an 599 
SDG legend at the bottom right. Solid grey lines delineate the geographical boundaries of model 600 
regions. Region codes: Canada/Australia/New Zealand (CAZ), China (CHN), European Union (EU), 601 
India (IND), Japan (JPN), Latin America & Caribbean (LAM), Middle East and North Africa (MEA), 602 
non-EU European countries (NEU), Other Asian countries (OAS), Russia & former Soviet republics 603 
(Reforming Economies, REF), Sub-Saharan Africa (SSA), United States of America (USA).  604 
  605 
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Methods 606 

Overview and SDG Indicator typology 607 

Our modelling ecosystem is built around the integrated assessment modelling framework 608 
REMIND-MAgPIE. Both through extensions of the core framework, and through the 609 
inclusion of additional downstream models, we substantially extend the coverage of the 610 
SDG space, leading to a total of 56 SDG indicators or proxies across all 17 SDGs. Broadly, 611 
the representation of these indicators in our modelling framework can be classified into four 612 
groups (see also Table S1 in SI):  613 

1. Exogenous scenario assumptions: Our input data for population, labour productivity 614 
growth and educational attainment in the SDP scenario are taken from SSP160,61. 615 
The same holds true for the scenarios for the Gini coefficient62, which are used in the 616 
downstream model for inequality and poverty. 617 

2. Demand projections: Energy and food demand projections are derived with dedicated 618 
models, and used as inputs in REMIND-MAgPIE. The demand projections for the 619 
SDP scenario are constructed to enable rapid progress towards SDGs 2 and 7 by 620 
assuming sufficient nutrition and faster growth of per-capita energy demands in 621 
regions with currently low values (see below for details).  622 

3. Endogenous results of REMIND-MAgPIE: GHG emissions, energy system 623 
characteristics and land-use patterns are direct results of the REMIND-MAgPIE 624 
optimization. Policy measures that enable or enhance progress towards the SDGs 625 
are implemented as parameter settings or constraints in the model (see Table S3 in 626 
SI for an overview). For example, we implement an additional coal phase-out policy 627 
that limits residual coal use in the SDP to values similar to the SSP1-1.5C scenario 628 
despite the lower carbon price. 629 

4. Results from additional downstream models: Climate & development finance is 630 
calculated as a post-processing of the scenario results. The indicators for ocean, 631 
political institutions and conflict, inequality and poverty, and air pollution are 632 
computed with dedicated models that take the scenario quantification by REMIND-633 
MAgPIE as an input (see below for details).  634 

 635 
For each SDG, we select one headline indicator (two for SDGs 13, 15, 16) to be shown in 636 
the main figures. Headline indicators are selected with the aim to be representative of key 637 
aspects of the SDG, quantifiable in our modelling framework, and with a quantitative target 638 
(note the exception for SDG 17). In many cases, our choice follows van Vuuren et al.32; see 639 
also Table S1 for further details. Results for the full set of indicators are shown in the SI. 640 

Scenario setup 641 

Including our main SDP scenario we model four main scenarios that are chosen such that 642 
their comparison illustrates the effects of different interventions on SDG and climate 643 
outcomes.  644 

● SSP2-NDC: Socio-economic development continues along a “middle-of-the-road” 645 
pathway similar to recent historical trends. Energy, resource and food demands are 646 
largely determined by the growth of per-capita income levels, with no significant 647 
break compared to historical trends. There is only weak climate policy according to 648 



31 

the current NDC pledges until 2030, and with a corresponding level of regional 649 
ambition thereafter (see Section 6.2 of SI and Fig. S23 for details). 650 

● SSP1-NDC: Socio-economic development follows a more optimistic pathway with 651 
higher GDP and lower population growth, also as a consequence of policy 652 
interventions in the areas of education and gender equality (intervention A). There is 653 
a general trend towards higher resource efficiency and environmentally more 654 
conscious lifestyles, which reduces overall energy and material demands 655 
(intervention B). Note however that interventions A & B are not resolved via explicit 656 
policy measures - instead we capture them through adapting model inputs 657 
appropriately33,37 (reflecting the outcome of the policy measures). Climate policy 658 
follows the NDCs and their extrapolation (see SSP2-NDC). 659 

● SSP1-1.5C: The socio-economic trends of the SSP1-NDC scenario are 660 
supplemented with an ambitious climate policy consistent with the 1.5� target from 661 
the Paris Agreement (intervention C).  662 

● SDP-1.5C: For our SDP scenario, which represents the main innovation of this study, 663 
additional sustainable development policies in the area of global cooperation, 664 
national redistribution, healthy and sustainable nutrition, energy access, as well as 665 
further sustainability policies for the energy and land-use systems are added 666 
(interventions D-F). Baseline GDP and population are identical to the SSP1-based 667 
scenarios, energy and food demands are projected separately (see below for 668 
details). On the supply side of intervention D (both land and energy), several of the 669 
sustainability policies follow Bertram et al.26. Additional policies introduced in this 670 
study include a coal-phase out policy (differentiated by income level), as well as a 671 
protection of biodiversity hotspots. A detailed comparison of the modelling 672 
assumptions for the different scenarios is given in Tables S2 and S3 in the SI. 673 
 674 

Furthermore, we use the following auxiliary scenarios as reference cases or for additional 675 
analysis: 676 

● SSP2-NPi: This “National Policies implemented'' scenario uses the same baseline 677 
assumptions as the SSP2-NDC scenario, but only includes already implemented 678 
climate policies (as opposed to intended future policies)63. We use it as a reference 679 
case for calculating policy costs (e.g. GDP loss due to mitigation policies) for the 680 
SSP2-based scenarios. 681 

● SSP1-NPi: Same as SSP2-NPi, but for SSP1-based scenarios. 682 
● SDP-NPi: Same as SSP2-NPi, but for SDP scenario. 683 
● SSP2-1.5C: This scenario starts from the same baseline as the SSP2-NDC scenario 684 

and implements only ambitious climate policies without any extra sustainability 685 
policies. It is not used in the main scenario cascade shown in this study, but only for 686 
additional analysis and visualizations (see SI). 687 

● SSP1/SDP “hybrid” scenarios: For an additional decomposition analysis (Extended 688 
Data Fig. 3), we have simulated scenarios with an SDP parameterization on the 689 
energy (REMIND) and SSP1 parameterization on the land (MAgPIE) side, and vice 690 
versa. Further details are given in SI Section 3. 691 

Climate policy 692 

We implement ambitious climate policies as a not-to exceed (peak) budget64 for CO2 693 
emissions consistent with the 1.5� target. Using a peak budget instead of the end-of-694 
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century budgets often used in previous IAM scenario studies allows for a more direct link 695 
between CO2 budget and temperature at peak warming, and limits the possibility to 696 
compensate for continued high emissions in the near-term with large amounts of carbon 697 
dioxide removal later.  698 
For the SSP1-1.5C and SSP2-1.5C scenarios, we use a peak budget of 900 Gt CO2 699 
(counting from 2011 onwards; i.e. around 610 GtCO2 from 2018 onwards), consistent with 700 
limiting warming to 1.5°C with low overshoot (<0.1°C)3 at median warming response65. 701 
However, these two scenarios still use around 200 Gt of net negative CO2 emissions in the 702 
second half of the century to reduce warming to below 1.5� with at least 67% likelihood by 703 
2100. For our SDP scenario, the transition to healthy and sustainable diets substantially 704 
reduces land-use related emissions of non-CO2 GHGs such as methane and nitrous oxide. 705 
Therefore the CO2 peak budget compatible with the 1.5� target increases39 by 100 Gt to 706 
1000 Gt CO2 from 2011 onwards, and the need for net negative CO2 emissions is 707 
substantially reduced (see also the supplementary results for SDG 13 in the SI). 708 
 709 
For the implementation of the peak budget, we assume that CO2 prices in high-income 710 
regions increase linearly until the budget is reached, while lower-income regions initially face 711 
substantially lower prices (see below). Linearly increasing CO2 prices, in contrast to the more 712 
common exponentially rising CO2 prices with a growth rate equaling the social discount rate, 713 
increase the near-term ambition of climate policy, but limit the price increases at a later 714 
stage. Both the optimal peak year and the required CO2 price in this year are determined 715 
endogenously through an iterative algorithm, thus determining the rate of increase of the 716 
CO2 price prior to the peak year66. After the peak budget has been reached, the CO2 price 717 
increase flattens off to 3 $/tCO2/yr, which is sufficient to ensure that the GMT increase 718 
declines from its peak to values consistent with the 1.5� target with at least 67% probability 719 
by the end of the century. Non-CO2 greenhouse gases are priced according to their 100-year 720 
global warming potentials (using AR5 values), where in the land-use sector prices for CH4 721 
and N2O are capped once further price increases no longer provide additional abatement 722 
options67. 723 
We further implement a regional differentiation of carbon prices until mid-century to model a 724 
period of staged accession: In high-income regions the CO2 price follows the trajectory 725 
described above. Lower- and middle-income regions, on the other hand, initially face 726 
substantially lower prices, where the respective reduction factor is assigned according to 727 
their GDP [PPP] per capita values in 2015. We assume that the reduction factor converges 728 
to unity following a convex trajectory; from 2050 onwards a globally uniform carbon price is 729 
used. An overview of the resulting regional carbon prices for the different mitigation 730 
scenarios is given in Fig. S23 in the SI.  731 
This level of differentiation represents an intermediate case between a globally uniform 732 
carbon price and the substantially higher degree of differentiation required to equalize 733 
mitigation costs as a fraction of GDP between countries without any international transfers68. 734 
The differentiated carbon prices also form one of the components of our burden sharing  735 
scheme; see below for a description of the other building blocks. 736 

Burden sharing and climate & development finance 737 

In contrast to previous studies on sustainable pathways, we explicitly address the question 738 
of equitably sharing the mitigation burden, as well as the global effort of meeting the SDGs.  739 
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To this end, we implement an ambitious “climate & development” scheme that shares the 740 
mitigation effort and provides additional funding for development policies. In addition to the 741 
staged accession to climate policy (see description above), the scheme consists of the 742 
following two components: 743 

1. International redistribution of carbon pricing revenues: One third of the energy sector 744 
GHG pricing revenues from each region are paid into an international scheme. 745 
Payouts from the scheme are distributed to regions proportionally to their population 746 
shares and their GDP/capita gap to the richest region. The scheme is gradually 747 
introduced until 2030, and then phases out over time as emissions and therefore also 748 
carbon pricing revenues reduce to near-zero around mid-century. 749 

2. Equal-effort burden sharing in the long term: In addition to this partial redistribution of 750 
revenues, we assume a transition to an equal-effort burden sharing scheme69. 751 
Additional interregional climate and development finance transfers are calculated 752 
such that relative GDP losses (calculated with respect to the NPi scenarios; see 753 
above) are equalized between regions from 2050 onwards. This provides additional 754 
financial inflows to developing regions also beyond the time of net carbon neutrality, 755 
in order to compensate for their substantially higher relative policy costs than high-756 
income regions68,70,71. The scheme is gradually introduced between 2020 and 2050, 757 
thus reaching its full effect at the same time when the convergence to a globally 758 
uniform carbon price is completed. 759 
 760 

We show the international financial transfers implied by this scheme, and a comparison of 761 
relative policy costs across the scenarios in the discussion of SDG 17 in the SI (Fig. S17). 762 
Importantly, the climate and development finance transfers emerging from this scheme are 763 
used as additional funds for redistribution and poverty alleviation policies52,53 in the form of a 764 
universal cash transfer72 (e.g. around 100 $/cap/yr for SSA in 2030; see also the model 765 
description “Inequality and poverty” below).  766 
Compared to previous burden sharing schemes discussed in the literature (see e.g. Refs.69–767 
71 for an overview), our approach does not combine a uniform global carbon price with 768 
transfers between regions via trading of regional emissions allowances on a global carbon 769 
market. Instead we combine differentiated carbon prices with international climate and 770 
development finance transfers68. This mixed policy approach honours the principle of 771 
common, but differentiated responsibility, as well as objectives of equity and sustainable 772 
development: A key underlying principle of our approach is that climate change mitigation 773 
should not deepen existing socioeconomic inequalities, but should improve the development 774 
prospects of the Global South (see also the Greenhouse Development Rights framework73). 775 
Recognising that meeting the SDG agenda is a global challenge, our burden sharing 776 
scheme understands carbon pricing, and an international redistribution of part of its 777 
revenues, as an important source of funding for fostering sustainable development. 778 

Regional SDG achievement gap analysis  779 

Fig. 5 displays a regional analysis of SDG achievements in 2030; here we detail the 780 
methodology of this analysis. We start from our headline indicator set, but exclude indicators 781 
without quantified targets (the climate finance indicator for SDG 17), as well as indicators 782 
only available at the global level (GMT increase, ocean acidification, conflict fatalities). As a 783 
consequence, the clusters “Planetary integrity” and “Political institutions, peace and 784 
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partnership” contain only two and one SDG, respectively, whereas all other clusters contain 785 
4 SDGs.  786 
For each indicator, we set the zero line at the worst regional value in 2015; note that this 787 
differs from the global gap analysis in Fig. 3, where the global value in 2015 forms the zero 788 
line. This approach takes into account if regions already perform well for a given indicator, 789 
instead of evaluating only whether a small remaining gap is fully closed (e.g. reducing the 790 
extreme poverty from a value marginally above zero to exactly zero in high-income 791 
countries). A similar metric is used for the SDG index by the Sustainable Development 792 
Report56. 793 
For each indicator we then compute the SDG achievement score using the targets from 794 
Table S1. Several indicators are extensive quantities; for these we perform the regional 795 
analysis on a per-capita basis. Using the example of GHG emissions, this corresponds to 796 
comparing regional per-capita emissions to the global per-capita target value. Similarly, for 797 
SDG 1, we compare poverty rates rather than absolute values between regions. (Note that 798 
this again differs from the global analysis in Fig. 3 where global aggregate values or 799 
headcounts were used. As a consequence, also the global average score displayed in Fig. 5 800 
differs from the values shown in Fig. 3.) For SDG 8 (income convergence) targets are 801 
differentiated by region32, while for all other SDGs targets are the same across regions. SDG 802 
15 is represented by two indicators, here we averaged the two scores for biodiversity 803 
intactness and nitrogen fixation. 804 

Model descriptions 805 

Our integrated modelling framework consists of multiple models, with the IAM framework 806 
REMIND-MAgPIE at its core and multiple additional models linked to it (Ext.dat. Fig. 2). Here 807 
we provide brief descriptions of the individual models and their linking. 808 

REMIND-MAgPIE IAM framework  809 

The REMIND-MAgPIE framework37,74,75 consists of a multi-regional energy-economy-810 
climate model (REMIND66,76) coupled to a spatially explicit land system model (MAgPIE77). 811 
The framework integrates the simple climate model MAGICC65, and takes up biophysical 812 
information from the vegetation and hydrology model LPJmL78 (see below for details).  Both 813 
REMIND and MAgPIE are available open source together with extensive documentation 814 
(see references below). For this work, a model version close-to-identical to 2.1.3 815 
(REMIND)79,80, and model version 4.2.1 (MAgPIE)81,82 were used (see also code availability 816 
statement). 817 
 818 
REMIND (REgional Model of INvestments and Development) models the global economy 819 
and energy system with 12 world regions, where large economies are resolved individually, 820 
and smaller economies are grouped into model regions. The macro-economy of every 821 
region is modelled using a Ramsey growth model with a production function with constant 822 
elasticity of substitution (CES). The main production factors are capital, labour and energy, 823 
where through the latter the macro-economic core is hard-linked to a detailed 824 
representation of the energy system covering all major primary energy carriers, conversion 825 
technologies, and end-use sectors. Regions are first solved individually by maximizing inter-826 
temporal regional welfare; the global solution is found by iteratively adjusting market prices 827 
for primary energy carriers and the composite good and updating the regional solutions until 828 
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all markets are cleared. Emissions of all major GHGs are tracked in REMIND; the 829 
corresponding GHG concentrations, radiative forcing levels, and the increase in GMT are 830 
calculated with the simple climate model MAGICC65 (version 6, deterministic setup). 831 
 832 
MAgPIE (Model of Agricultural Production and its Impact on the Environment) describes the 833 
global land-use system using an economic partial-equilibrium approach with the same 12 834 
model regions as REMIND. Agricultural production is subject to spatially explicit (clustered 835 
from 0.5° resolution cells83) biophysical constraints such as water availability and yield 836 
patterns, which are in turn derived from the vegetation and hydrology model LPJmL78. All 837 
major crop and livestock product types are represented, as well as supply chain losses and 838 
demand for non-food agricultural goods. The model simulates a detailed representation of 839 
the agricultural nitrogen cycle using mass balance approaches that estimate inorganic 840 
fertilization requirements based on harvest quantities, the availability of organic fertilizers 841 
and a trajectory for nitrogen uptake efficiency84,85. Carbon stocks of vegetation and soils are 842 
estimated using the LPJmL model and are affected by land-cover changes86. Based on a 843 
representation of carbon stocks and the nitrogen cycle, the emissions associated with land 844 
use and agricultural production are calculated. 845 
In MAgPIE, land-use change impacts on terrestrial biodiversity are assessed via the 846 
Biodiversity Intactness Index87,88. The BII accounts for net changes in the abundance of 847 
organisms in relation to human land use and age class of natural vegetation. Changes are 848 
then expressed relative to a reference land-use class, for which primary vegetation 849 
(forested or non-forested) is used, and are weighted by a spatially explicit range-rarity 850 
layer89. Primary vegetation and mature secondary vegetation have a BII of 1, while other 851 
land cover classes, such as cropland (0.5-0.7), have lower BII values.  852 
 853 
In the coupled REMIND-MAgPIE framework37,74,75 the two models are run iteratively: The 854 
information on GHG pricing and bioenergy demand (REMIND) and land-use related 855 
emissions and bioenergy prices (MAgPIE) are updated in turn after each individual model 856 
run until a joint equilibrium is achieved. This soft-coupled framework allows for a higher 857 
degree of process detail in the two individual models, while the solution converges to the 858 
one of a single joint optimization problem. 859 

Energy demand projections 860 

The energy demands for the industry, transport and residential & commercial sectors in 861 
REMIND are determined endogenously. The model can respond to climate policies with a 862 
demand reduction by switching to more efficient technologies (e.g. from internal combustion 863 
engines to battery electric vehicles). However, the relation between energy demands and 864 
economic output is inferred from a calibration phase66. The input trajectories for this 865 
calibration, representing the energy demands in the absence of climate policies (see SI for 866 
details), are calculated with the EDGE (Energy Demand GEnerator) model suite based on 867 
GDP/capita and cost trends, and additional scenario assumptions66,90. Our SSP1 and SSP2 868 
scenarios use existing EDGE parameterizations; for the SDP scenario we develop new final 869 
energy demand pathways that better reflect the SDG ambition of satisfying energy needs 870 
for decent living43,91,92 especially in low-income countries. At the same time, we include 871 
ambitious reductions of energy demands in high-income countries, which are driven by a 872 
shift towards less energy-intensive lifestyles as well as increases in energy efficiency (see 873 
Ext.dat. Fig. 5 and Fig. S24 in the SI). 874 
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For the industry sector we start from the lower value of the existing SSP1 and SSP2 875 
trajectories, but apply an additional GDP/capita-dependent factor to the rate of change of 876 
energy intensity. Parameter values are chosen to allow for an increase of FE demands in 877 
lower-income regions to reflect the additional energy demand for infrastructure buildup91. In 878 
middle- and higher-income regions demands are reduced substantially (Fig. S24, left 879 
panel). Besides improvements in energy efficiency, this also requires substantial reductions 880 
in material demands and recycling of energy-intensive materials like steel93. 881 
In the transport sector the guiding principle is a gradual convergence to a provision of an 882 
equal amount of useful, i.e. motive, energy per capita across regions. We assume targets of 883 
~2 GJ/cap/yr for passenger transport and 1.5 GJ/cap/yr for freight transport, in line with 884 
recent estimates of decent living energy requirements43,92. The resulting trajectories are 885 
presented in the right panel of Fig. S24, showing a range of 4-10 GJ/cap/yr in 2050 across 886 
regions. 887 
Energy demands for residential and commercial buildings are derived using the EDGE-888 
Buildings model90,94. Our SDP trajectory for per-capita final energy use in buildings (Fig. 889 
S24, central panel) is based on the ‘Low’ scenario assumptions from Levesque et al.94, 890 
which combines technological and lifestyle developments leading to low energy 891 
consumption patterns. These assumptions are applied to the SSP1 socio-economic 892 
dynamics, but are augmented by an even faster transition to modern energy carriers in 893 
developing regions than in the SSP1 scenario. We note that in particular the replacement of 894 
traditional biomass as a cooking fuel with modern appliances (e.g. electricity, liquefied 895 
petroleum gas) can lead to a temporary reduction of cooking final energy demand. At the 896 
same time, useful energy continues to increase, as modern technologies have vastly 897 
superior FE-to-UE conversion efficiencies. 898 

Food demand projections 899 

Food demand scenarios for the SSP1 and SSP2 scenarios are based on a food demand 900 
model with population growth, change of demographic structure and per-capita income as 901 
main drivers95. The model combines anthropometric and econometric approaches to 902 
estimate the distribution of underweight, overweight, obesity as well as body height by 903 
country, age-cohort and sex. It furthermore estimates food intake and food waste, as well 904 
as the dietary composition between four major food items: animal-source calories, empty 905 
calories, calories from fruits, vegetables and nuts, as well as staple calories. All elasticity 906 
parameters within the model are estimated based on past observed data. To account for 907 
less material-intensive consumption patterns in the SSP1 storyline, food waste and dietary 908 
composition patterns are estimated on the basis of different functional forms than in the 909 
SSP2 scenario, assuming lower food waste, animal calories and processed foods, and 910 
higher consumption of fruits, vegetables, nuts and staples. 911 
For the SDP scenario, we assume a gradual transition to the dietary patterns proposed by 912 
the EAT-Lancet commission36 until 2050, i.e. to both healthy and sustainable diets with low 913 
food waste. Total food intake is still estimated based on the anthropometric equations of the 914 
food demand model, but taking into account the assumption of a healthy body weight.  915 
Our food demand model accounts for the reduction of real per-capita income due to rising 916 
food prices, and for a reduction of intake and a change of food composition when real 917 
income falls (note however that distributional aspects are not included yet). Under the food 918 
price effects of climate policies, we find only a small impact on the prevalence of 919 
underweight even in the absence of additional sustainability policies (see also Fig. 2). The 920 
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reason for this is that our empirically estimated income-elasticities of underweight and food 921 
intake95 are rather low compared to other models that often work with food expenditure 922 
elasticities96. Moreover, we only consider the income effect and not the substitution effect of 923 
the price shock. The income effect should however be the dominant effect for low-income 924 
households given that food is an existential need. 925 

Additional models for SDG indicators 926 

Inequality & Poverty: We calculate projections for the income inequality and poverty 927 
indicators at the country level following the approach of Soergel et al.53. Starting from a 928 
baseline income distribution with a level of inequality determined by the Gini projections for 929 
the SSPs62, changes to the distribution due to climate policy are determined by the 930 
aggregate GDP loss, increased energy and food expenditures, and the recycling of carbon 931 
pricing revenues. Importantly, this captures the potentially regressive effects of food and 932 
energy price increases, as well as the progressive effect of revenue recycling policies. For 933 
the SDP scenario we assume that revenues (including net transfer revenues) are 934 
redistributed on an equal-per-capita basis. While more targeted redistribution schemes are 935 
conceivable, they also face a number of difficulties in practice97, and therefore we do not 936 
implement them here (see also the discussion in Soergel et al.53). For the other mitigation 937 
scenarios revenues are recycled without progressive redistribution policies (i.e. without 938 
changing the level of inequality).  939 
We calculate poverty rates for three different poverty thresholds (1.90 $/day, 3.20 $/day, 940 
5.50 $/day, PPP 2011) using a regression model fit to recent World Bank poverty data. For 941 
the purpose of this paper we extend the model to additionally calculate the relative poverty 942 
rate (defined at the country level as the fraction of the population below 50% of the national 943 
median income) and the income of the bottom 40% relative to the national average directly 944 
from the income distribution, and subsequently aggregate them from national to regional and 945 
global level using a population-weighted average. 946 
Note that the inequality and poverty indicators are calculated in post-processing, i.e. we do 947 
not feed the results back into the models for energy or food demand. Despite the known 948 
differences in consumption patterns between rich and poor households, we do not expect 949 
the changes in poverty rates to affect the environmental pressures in a substantial way (see 950 
also Hubacek et al.98). 951 
 952 
Political Institutions & Violent Conflict: These factors have not been modelled by earlier IAM-953 
based scenario analyses, leaving it largely unclear which implicit trajectories are consistent 954 
with or even required by such scenarios. More generally, this reflects a  lack of integration of 955 
governance and conflict research and IAM-based scenario studies. As a first step towards a 956 
more comprehensive integration in models, we calculate projections for the quality of political 957 
institutions and fatalities from armed conflict using linear fixed-effects regression models 958 
(see Supplementary Methods for SDG 16 in SI for a complete description). This quantifies 959 
the trajectories which are implied by the exogenous scenario assumptions (education, 960 
population, GDP). We include the endogenous effects of mitigation costs and international 961 
transfers on GDP/capita (see also below), thus extending earlier work on governance and 962 
conflict likelihood in the SSP baselines99,100. In comparison to these earlier works, we also 963 
focus on different indicators, which better capture variation in conflict intensity, and more 964 
closely measure the individual governance-related goals of SDG 16.  965 
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We estimate both models using country-year data for all relevant indicators from 1995 to 966 
2015. The institution model estimates the yearly change in the strength and quality of rule of 967 
law and civil liberties. The model takes as predictors the quality of rule of law and civil 968 
liberties and change in the quality of rule of law and civil liberties in the previous year, GDP 969 
per capita growth, the share of men without primary education, the gender gap in primary 970 
education and the population growth. The conflict model estimates the change in fatalities in 971 
a country and is based on the following predictors: conflict fatalities and the change of 972 
conflict fatalities in the previous year, population growth, GDP per capita growth, and the 973 
number of men without primary education. Earlier models on economic development and 974 
governance assumed that unobserved differences between countries partially 975 
converge101,102. To account for different scenario-specific global convergence, we follow this 976 
practice in both models.  977 

We note that SDP and SSP1 projections are very similar because they share several 978 
identical drivers (education and population). While GDP/capita slightly varies between these 979 
scenarios due to mitigation costs and international transfers, this does not substantially 980 
change the institution and conflict outcomes given the estimated regression coefficient for 981 
GDP/capita. Furthermore, explicitly modelling feedback loops to other goals is beyond the 982 
scope of this analysis, but is an important avenue for future research. 983 

Air pollution: We model the whole source-receptor relationship of air-pollution-induced health 984 
impacts; see Rauner et al.103 for an extended description of the method. The model chain 985 
starts with aggregated emission factors, capturing pollution control policies as well as 986 
technology research, development, deployment and diffusion derived from the GAINS 987 
(Greenhouse gas-Air pollution Interactions and Synergies) model104. The simplified air 988 
chemistry model TM5-FAAST105 translates emissions into yearly average concentrations. 989 
Utilizing spatially explicit data on demographics and urbanization allows the calculation of 990 
exposure level and disease-specific disability adjusted life years lost. The urban air pollution 991 
concentration is calculated by an urban-population-weighted average of the concentration in 992 
each spatial grid cell (0.1°x0.1°). 993 
 994 
 995 
Ocean model description and experimental design: CLIMBER-3alpha+C, an Earth system 996 
model of intermediate complexity (EMIC), comprises individual and interactively coupled 997 
sub-models of the atmosphere, the ocean and the sea-ice106. The statistical-dynamical 998 
atmosphere model almost realistically reproduces the large-scale features of wind-, 999 
precipitation-, and temperature patterns. The two-dimensional dynamic-thermodynamic sea-1000 
ice model107 is based on the theory of the elasto-viscous-plastic rheology. A fully three-1001 
dimensional coarse resolution ocean general circulation model - an improved version of 1002 
MOM3108,109 - computes the large-scale ocean dynamics including temperature and salinity 1003 
distributions, an indispensable prerequisite when attempting to simulate marine 1004 
biogeochemical processes. The latter are based on an extended and improved version of 1005 
the Hamburg Ocean Carbon Cycle Model version 3.1 (HAMOCC3.1110) which was recently 1006 
dubbed “+C”111. 1007 
After running the model into a steady state under preindustrial boundary conditions (spin-1008 
up), it is integrated over a time period of 350 years by imposing anthropogenic GHG 1009 
emissions. From 1800 to 2004 the model is forced by historical CO2 emissions, subsequently 1010 
continuing until 2150 by employing the model output from the corresponding REMIND 1011 
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scenarios. CLIMBER-3alpha+C does not account for the effects of non-CO2 greenhouse 1012 
gases, such as methane and nitrous oxide. Therefore, we have added the additional 1013 
radiative forcing caused by these gases to CLIMBER-3alpha+C by utilizing the output of the 1014 
simple climate model MAGICC. 1015 
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