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Non-Technical Summary

Models are increasingly used to inform the transformation of human-natural systems towards a
sustainable future, aligned with the Sustainable Development Goals (SDGs). We argue that a greater
diversity of models ought to be used for sustainability analysis to better address complexity and
uncertainty. We articulate the steps to model global change socioeconomic and climatic scenarios with
new models. We use our new modelling to show alignment and divergence compared to previous
projections and to illustrate the sensitivity of sustainability trends to global change scenarios and their
plausible realisations under future uncertainty.

Technical Summary

The future uncertainty and complexity of alternative socioeconomic and climatic scenarios challenge
the model-based analysis of sustainable development. Obtaining robust insights requires a systematic
processing of uncertainty and complexity not only in input assumptions, but also in the diversity of
model structures that simulates the multisectoral dynamics of human and Earth system interactions.
Here, we implement the global change scenarios, i.e., the Shared Socioeconomic Pathways and the
Representative Concentration Pathways, in a feedback-rich, integrated assessment model of system
dynamics to explore the impacts of model uncertainty and structural complexity on the projection of
these scenarios for sustainable development. Our modelling shows internally consistent scenario
storylines across sectors, yet with quantitatively different realisations of these scenarios compared to
other models. It also demonstrates the sensitivity of sustainability trajectories related to food and
agriculture, well-being, education, energy, economy, sustainable consumption, climate, and
biodiversity conservation to the modelled scenarios, driven by the complex and uncertain multisectoral
dynamics underlying the SDGs. The results highlight the importance of enumerating global change
scenarios and their uncertainty exploration with a diversity of models of different input assumptions
and structures to capture a wider variety of future possibilities and sustainability indicators.
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1 Introduction

The 17 Sustainable Development Goals (SDGs) under the United Nations 2030 Agenda for
Sustainable Development represent global ambitions for achieving economic development, social
inclusion, and environmental stability (UN, 2015). Progressing towards the diverse and ambitious
SDGs requires compromising between competing sustainability priorities and harnessing synergies
over deeply uncertain, long-term futures (Pradhan et al., 2017). To assist in reasoning and planning,
computer models and simulations, referred to as integrated assessment models (IAMs) (van Beek et
al., 2020), models of multisector dynamics (Jafino et al., 2021), or transitions models (Kohler et al.,
2018), have been effectively used to systematically analyse the interactions of conflicting, inter-
connected sustainability priorities in complex human-natural systems and to navigate actionable
compromises between competing agendas (Gold et al., 2019). These modelling efforts aim to advance
the understanding and analysis of human-natural system co-evolution over time by bridging sectors,
and support societal transformation planning through computational analysis.

A diverse set of models has been used to inform sustainable development (Verburg et al.,
2016), including input-output models (Wiedmann, 2009), macro-economic and optimisation models
(DeCarolis et al., 2017), computational general equilibrium models (Babatunde et al., 2017), system
dynamics models (Pedercini et al., 2019), and bottom-up agent-based models (Moallemi & Kohler,
2019). Modelling applications have also spanned different aspects of the SDGs such as food and diet
(Bijl et al., 2017; Eker et al., 2019), climate adaptation (JGCRI, 2017; Mayer et al., 2017; Small &
Xian, 2018), land-use (Doelman et al., 2018; Gao & Bryan, 2017), energy (Rogelj et al., 2018a; Walsh
et al., 2017), and biodiversity conservation (Mace et al., 2018). Models have also assessed the nexus
of (often limited) interacting SDGs (Randers et al., 2019) such as food-energy-water (Van Vuuren et
al., 2019), land-food (Gao & Bryan, 2017; Obersteiner et al., 2016), and land-food-biodiversity
(Leclére et al., 2020), amongst others. Model-based analysis of sustainable development over long
timescales is, however, challenged by the conjunction of deep uncertainty around future global
socioeconomic and climatic conditions and the complexity of coupled human-natural systems where
subsystems experience non-linear interactions in their evolution.

To address these challenges, past studies have often used scenarios, quantified by a set of
integrated assessment models (Riahi et al., 2017), to explore the plausible trajectories of system
behaviour according to different sets of assumptions about the future (Guivarch et al., 2017;
Trutnevyte et al., 2016). Within the context of climate change and sustainability science, the Shared
Socioeconomic Pathways (SSPs) (O’Neill et al., 2017; Riahi et al., 2017) and the Representative
Concentration Pathways (RCPs) (Meinshausen et al., 2020; van Vuuren et al., 2011), have dominated
scenario studies over the past decade (O’Neill et al., 2020). They project futures with different
challenges to mitigation and adaptation through five possible socioeconomic pathways (SSPs 1 to 5)
and five different greenhouse gas emissions trajectories (RCPs 1.9, 2.6, 4.5, 6.0, 7.0, 8.5) (see Section
2.3). The future developments of energy, land-use, and emissions sectors according to the SSPs and
RCPs have been extensively characterised and expanded, using a set of five marker integrated
assessment models including IMAGE (Bouwman et al., 2006; van Vuuren et al., 2017), MESSAGE-
GLOBIOM (Fricko et al., 2017), AIM (Fujimori et al., 2017), GCAM (Calvin et al., 2017), and
REMIND-MAGPIE (Kriegler et al., 2017). The research community has frequently used the global
SSP and RCP scenarios with these marker models in climate impact assessments (Rogelj et al., 2018a)
and for analysing other Earth system processes (e.g., biodiversity (Leclére et al., 2020); see O’Neill et
al. (2020) for a review).

Despite past successful efforts, there are still important limitations to address for increasing the
impact and usefulness of these scenario frameworks. One major gap is that the application of the SSPs
and RCPs to areas beyond climate change, such as sustainable development, has been so far limited.
For example, there are only few studies that have extended these scenario frameworks to the evaluation
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of the SDGs (van Soest et al., 2019). Among these, The World in 2050 (TWI12050, 2018) is perhaps
the most prominent example which evaluated a selected number of SDGs under two SSP scenarios as
well as under previously developed global change scenarios (Parkinson et al., 2019; van Vuuren et al.,
2015) using two marker models of IMAGE (van Vuuren et al., 2017) and MESSAGE-GLOBIOM
(Fricko et al., 2017). The broader use of SSPs and RCPs framework in other research domains such as
sustainable development is crucial for developing a more comprehensive and consistent account of
possible integrated futures and response options across connected global challenges (O’Neill et al.,
2020).

Another noticeable gap is that most of the past SSP-RCP projections were based on the
assumptions of five original marker models, and the use of new, non-marker integrated assessment
models with different sets of input and structural assumptions has been rare. Among the few
applications of non-marker models is Allen et al. (2019) who used four SSPs as benchmarks to guide
the development of national-scale scenarios, based on inequality and resource-use intensity, to assess
scenarios of progress towards the SDGs for Australia. The adoption of non-marker, emerging models,
with different sectoral boundaries (e.g., water (Graham et al., 2018), diet change (Eker et al., 2019))
and levels of structural complexity (e.g., system dynamics models (Walsh et al., 2017)), is important
to expand the scenario space around SSPs and RCPs with a wider set of futures and also to project a
larger diversity of sustainability indicators aligned with SDGs (O’Neill et al., 2020).

These current limitations signify the need for a more diverse quantification of global reference
scenarios (e.g., SSPs, RCPs) with new integrated assessment models (Jaxa-Rozen & Trutnevyte, 2021)
and in new domains such as sustainable development. Addressing this need has become more
important in recent years especially given the increasing demand for model-based SDG analysis (Allen
et al., 2019; Pedercini et al., 2019) and the emergence of new, open-source integrated assessment
models (e.g., FeliX (Walsh et al., 2017), iISDGs (Pedercini et al., 2019), Earth3 (Randers et al., 2019),
see a review in Duan et al. (2019)) that are simpler yet have a broader scope compared to the marker
models (Riahi et al., 2017), sufficient to address several SDGs.

Here, we implement and explore global SSP and RCP scenario frameworks and their
uncertainty with a feedback-rich system dynamics model for sustainable development, called the
Functional Enviro-economic Linkages Integrated neXus (FeliX) (Eker et al., 2019; Walsh et al., 2017)
(Section 2). We analyse global trajectories of 50,000 different realisations of five plausible
combinations of SSPs and RCPs (Section 3). The results show how socioeconomic and climate drivers
could unfold in the future through the multi-sectoral dynamics of demography, economy, energy, land,
food, biodiversity, and climate systems and in what areas and to what extents they diverge from
previous projections. The results also show the impacts across 16 sustainability indicators representing
eight SDGs related to agriculture and food security (SDG2), health and well-being (SDG3), quality
education (SDG4), clean energy (SDG7), sustainable economic growth (SDG8), sustainable
consumption and production (SDG12), climate action (SDG13), and biodiversity conservation
(SDG15) (Section 3). The results can highlight the value added of exploring the implications of new
models for global scenarios and provide insights into the global trajectories towards several SDGs
under a larger scenario space.

2 Methods

We selected a non-marker integrated assessment model of sustainable development (Step 1).
We identified the model’s influential parameters for the generation of global scenarios (Step 2). We
elaborated our scenario assumptions and set up the model under these assumptions (Steps 3 and 4).
We then explored the uncertainty space of implemented scenarios in the model using exploratory
modelling (Step 5). We let the model generate the diversity of output behaviours in response to the
model’s structural complexity, explored various quantifications of global reference scenarios outside
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their standard projections, and analysed diversions from other models and implications for the SDG
analysis (Step 6). Each step is explained in detail as follows (Figure 1).
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Figure 1. Overview of methodological steps for implementing global scenario frameworks in a

new integrated assessment model for sustainable development.

Design of experiments

projections

FeliX’s

2.1 Model multisectoral dynamics underlying SDGs

We modelled anthropogenic processes of the multisectoral dynamics that drive SDG progress
through an integrated assessment model of human and Earth system interactions called FeliX (Figure
2). FeliX simulates complex feedback interactions via a nexus of societal and biophysical sub-models,
enabling the analysis of non-linearities in several SDG trajectories. The model is based on the system
dynamics approach (Sterman, 2000) with a resolution set at a global scale and with annual timescale
over a long-term period (1900-2100). The model has been used as a policy assessment tool in exploring
emissions pathways (Walsh et al., 2017), evaluating sustainable food and diet shift (Eker et al., 2019),
and analysing socio-environmental impacts in Earth observation systems (Rydzak et al., 2010). The
model outputs have been also tested and validated against historical data from 1900 to 2015 across all
sub-models, available in the extended model documentation in Rydzak et al. (2013) as well as in Walsh
et al. (2017) and Eker et al. (2019).

Using FeliX, we modelled 16 indicators across eight societal and environmental SDGs (Table
1). The selection of SDGs and their indicators was guided by the model scope with the aim of covering
a wider diversity of sustainable development dimensions compared to previous studies (Allen et al.,
2019; Gao & Bryan, 2017; Obersteiner et al., 2016; Pedercini et al., 2019; Randers et al., 2019; van
Vuuren et al., 2015). SDGs and their indicators were implemented across the 11 FeliX’s sub-models



159  of population, education, economy, energy, water, food and land, fertiliser use, diet change, carbon
160  cycle, climate, and biodiversity (see each sub-model description in Supplementary Methods). Each
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164  Figure 2. The overview of the FeliX model. Adapted from and updated based on Rydzak et al. (2013).
165  See Supplementary Methods for description.

166

167  Table 1. The list of modelled SDG indicators. There are two modelled indicators under each SDG
168  for consistency. Each indicator trajectory is simulated in the model based on the interaction of multiple
169  sectors. This underlying sectoral dynamic for each indicator is specified in the last column.

Indicator Description Desired progress Underlying sectoral
dynamics

SDG 2. End hunger, achieve food security, and promote sustainable agriculture

Cereal Yield (tons year®  The annual production rate per hectare of harvested  Improve the productivity of the Land, food/diet, water,
hat) croplands dedicated to grains production. croplands for cereal yield production. climate, economy

Animal Calories (kcal The total annual production of pasture-based meat Meet the increasing global demand for  Land, food/diet, water,
capita? day?) and crop-based meat - excluding seafoods - per food with less meat consumption. population, education,

person per day. economy, climate
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_/\,\/\. SDG 3. Ensure healthy lives and promote well-being for all at all ages

Human Development
Index (-)

The UNDP average of three indices of income,
health, and education that affect human capabilities
to sustain well-being.

Advance human wellbeing and
richness of life.

Adolescent Fertility Rate
(person year*
1000women?)

The number of births per 1,000 by women between
the age of 15-19. This is a negative indicator, i.e.,
the lower, the better.

Reduce childbirth by adolescent girls
with improved sexual and
reproductive healthcare.

Education, economy,
population, food/diet,
climate, biodiversity

Education, economy,
population

m l SDG 4. Ensure inclusive and equitable quality education and promote lifelong learning opportunities

Increase educational attainments
across population and in all levels.

Mean Years of
Schooling (number of
years)

Average number of completed years of primary,
secondary, and tertiary education (combined) of
population.

Population Age 25t034  The percentage of the population, aged between 25-
with Tertiary Education 34 years old, who have completed tertiary
(%) education.

Improve tertiary education coverage.

Education, population

Education, population

SDG 7. Ensure access to affordable, reliable, sustainable and modern energy

Share of Renewable
Energy Supply (%)

Percentage of renewable (solar, wind, biomass)
energy supply share in total energy production.

Increase the average global share of
renewable energies in the final basket
of total energy production.

Energy Intensity of
GWP (MJ $7)

An indication of how much energy is used to
produce one unit of economic output.

Reduce the energy intensity of
services and industries per GDP.

Energy, economy,
population

Energy, economy,
population

i‘./" SDG 8. Promote sustained, inclusive and sustainable economic growth for all

GWP per Capita ($1000
person year?)

Gross World Product, i.e., the global total GDP,
divided by the global population.

Improve economic prosperity of all
countries in an inclusive and
sustainable way.

CO, Emissions per GWP
(kg CO $)

Human-originated CO, emissions stemming from
the burning of fossil fuels divided by the unit of
GDP.

Reduce carbon footprint of the
growing economy.

Economy, population,
education, energy,
climate, biodiversity

Economy, population,
climate, biodiversity,
carbon cycle energy

SDG 12. Ensure sustainable consumption and production patterns

Nitrogen Fertiliser Use
in Agriculture (million
tons N year?)

Commercial nitrogen fertiliser application in
agriculture affected by land availability, income,
and technology impact on fertiliser use.

Manage a fertiliser application to
balance between declining soil
fertility and the risk of polluting

. . nutrient surplus.
Agri-Food Nitrogen

Footprint (kg year™
person™)

Nitrogen (N) emissions to the atmosphere and
leaching/runoff from commercial application in
agriculture and with manure.

Land, food/diet,
economy, population

Land, food/diet,
economy, population

@ SDG 13. Take urgent action to combat climate change and its impacts

Atmospheric Atmospheric CO, concentration per parts per
Concentration CO, million.
(ppm)

Temperature Change
from Preindustrial
(degree °C)

Significantly reduce global CO,
emissions across sectors.

Global annual mean temperature change from the
pre-industrial time calculated as atmosphere and
upper ocean heat divided by their heat capacity.

Limit global temperature change from
preindustrial level.

Population, economy,
land, food/diet, energy,
carbon cycle

Population, economy,
land, food/diet, energy,
carbon cycle

SDG 15. Protect, restore and promote sustainable use of terrestrial ecosystems and forests

Forest to Total Land
Area (%)

Percentage of forest to total (agricultural, urban and
industrial, others) land areas.

Significantly reduce the current
deforestation rates and restore
degraded forest lands.

Mean Species
Abundance (%)

The compositional intactness of local communities
across all species relative to their abundance in
undisturbed ecosystems.

Limit significantly the current rate of
biodiversity extinction from
anthropogenic activities.

Land, population,
economy, energy,
food/diet

Energy, climate,
food/diet, land

2.2 Identify influential model parameters for scenario modelling

Integrated assessment models often have many demographic, macro-economic, techno-
economic, and environmental parameters. However, among these parameters, some are more
influential than others and some may have only trivial impacts on model behaviour. We identified
influential parameters for scenario modelling from an initial list of 114 model parameters
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Total Population B2 4 56 7 & 9 10111213
Total Primary Education Graduates [l 5 310128 189 1714111319

Total Secondary Education Graduates @ 7 5 8 10 6 16 9 14111217

Total Tertiary Education Graduates
GWP per Capita

Energy Demand

Solar Energy Production

316 sw713gflz1ize
548ffze3
346258710121518
1318 1114 10

20

Wind Energy Production 1011 8 14
Biomass Energy Production 101212811 15
Oil Production 810 711 16
Gas Production 810 &12 17
Coal Production 812 715 18

Total Croplands 1217[f]2 &8 7156 20518
ForestLand W1sffl4 116155 16314
Pasture Land 12177fl2 8 7156 20518
Urban Industrial Land 139 @4 &
Nonenergy Crops Production 5 8[ll4 8 213311107 617
Livestock Production & 115 815 213124 3
Total CO2 Emissions & 8 3 51020 19 1518
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Energy Demand 23 4 8 76 6
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(Supplementary Table 2) and ranked them based on their impact (with non-linear interactions) on 20
model outputs using Morris elementary effects (Campolongo et al., 2007; Morris, 1991). Morris
elementary effects is a suitable global sensitivity analysis method for integrated assessment models
with a large number of input parameters and a complex structure of nonlinear feedbacks where
computational costs are very high. The method has proved to generate reliable sensitivity indices with
a better computational efficiency compared to other techniques (Campolongo et al., 2007; Gao &
Bryan, 2016) (see sensitivity analysis details in Supplementary Methods).

1.0
- 2as 2030
1315 a4
"1 45 a7 08
5 v 8 1210111314 151718 18.20
9 11 16141317 19
8 17 L] 31518 § 20 24871012
7] 7 @zig7e 6159 4161920 ~06
® 7 21uu3ET & 39 4520
B 5 3612 A B AR
8 4 @739 6 5 20 15 1314
i w B Buuass ® 5 w6 1 ~04
1" 391013141618
a2 T 812
14 391013141619 0z
woonor 1615 18.17 2019 3587
1215 14 %
7 8 10 6
1 1714 7 L] 12 4 18 21113 -0.0
1 0 7 120 13 B 17 416
1.0
3456 2050
45
46
6 7 08
1 16 8 [F1813[8 141510 @ 8 12 19 F
12 16 8 [[@181381415 @5 ns@io 2
12 o HEswEmez  w@ e @@ 2010 1 [Fo6
B 6 oz 1915 11 18 168 720 17
2] 6 PuerEnne 1610 2015 1817 8 9 19
B @ ns7s w1z M 18 18151720 8 10 ™
107 8 111513
86 153913
107 8 111513
0 1o 131416 2 45127 -02
913
® 1 o8 312
2 0w s 8 0N w17 13 1512 o s
B g - -00
HosH 2100 1.0
B 08
5] 5 8 9481012 3
B " 1] 148 4 13
B 2 o8 wue 15 8E 7 . | 06
a s @izl 15 18 181413 6
a 18 5 1 710 16 1318 L]
5 8 1817 1510 14 28
a10 7 -04
410 712
810 74N
U
-02
15 1209 13
4 W w141 g v o
2 6
o -00
g FRUCCENCOER BDT EEEEEE O 0 0y X LERONAC QBN %
By ST R CE e YR AT EEEEERRO gegonucaggescy
22a Toow oo oss 83 E0ss S0 o BN 0V gp 00 00+ 25T 02250820558 0DR.T
=8 EX s S R L g et L2078 sErs0T
£BEC or e B R e 0 U0 P 5555200l 6p 8068 _EEEEEEBoclGED e
e e S e e e e
SELEOE0E DO § oW W 5 &0 @ £588e 0E5nE0E S, 200 B0
& & 85 gOeWUAEUcnossWnee EEO-FH-RES B 0E B S - v e
SE8E o5 e P 3 o0AC 0z v ERO 45005088080 §I0FIE EPLoEL 25585650
25 ey B 5 50T 58520 08T o sEgLnat ALy eoprilans T o5 8 o555 cap02s
s T 0= oEoEIBE D8 S o2 E8T > EEATodZDa ] ol £85 ECcu==2cop
et pp k- p et e o fonicioiogcl S B L T bt B il
2E80e 208583850 0o B0 E s s 0aRERl08R0RERE Ty 239 ES-c§ELcEBE
83 BBSia=lsfe Rl BEoREs2 5 a0E gase ttEER e 3 REnc e s> TRus5o82s28
8Z OGSl S BB B e B0 0505229684 8B B550E82 £E ECSOO0E£TIEE
£5 0 E5eGoheaRcl, 200888 55cEc5ERolRcS800SEEEED5] 88 wp3%Eo8E5,
52 x © SOUTE@EOGLE L2 e =B PRon 5 ccece25295¢ 0o 2E2oleEw
R A1 et R e ] ey kel o §5 OLZENdiagE
= = 5 T =8,8289558g 28 > B
58 % 5 85 ¢ TeE £ 20 D28greglsSordilliadaSiink T 85 8im < FELL
S = PR == g8 EE p=5 0= —aYL2=0g: EE 53 & o5&
= & W @25 2£ SnO5a €0l R e T = B ETM TS e [rafin 2E Co 2
2 @3 e B2 e 0e-5% $o208 3B B80EEDES S = oFg GE2E
=2 w cOE ek LoBfsLa FELELO2955apE 208 (== 4 £
£ TOT S'g S 5@ SP_=5. 68255 = o ==0
g 2 228 £ 83 2vdfsuows BlG5ob-LonmPIesl on g 8 522
= o £9 8% P55z © B9%,5cE5c 9L BE=D0 =5 0O 5
T DE 5 2 LaH = w T T E @2
2 S =53 2% 4Z gcg £ T2LgBIeachE o Wi £E -] 5E
2 o 0 g 22 of w88 = £ERE28 3 & 2 55 @ 28
E 3 ] &s =o S g Quegc® = T B z= 5 a5
2 i3 z g2 T & 3= 9 ] s 2 8 F = of
°  Bo z E B2 i %
5 3 )-1 ST 3 B w
i3 2 X o rs ¢ £ 8% = 3 2
et —E & w e 2 c
= 2% W @ 3 o
[ So 2 c a
L 2 o 5 o
w = =4 o
= 5= 8 L4
@ ao 7]
3 2> [i4
= £3
52
]
]
e
a
@
=
=
3
x

Figure 3. The ranking of influential model parameters
Morris index x«* between 0 and 1. For each output variable (y axis), the most influential input

. Sensitivity is the normalised values of
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parameters (X axis) are annotated with their rank. Information on the unit and definition of each
parameter is available in Supplementary Table 2.

Figure 3 shows the ranking and selection of influential model parameters to be used for scenario
modelling of different sectors (e.g., population, GDP, energy demand, forest land cover) by 2030,
2050, and 2100. The identified model parameters were diverse enough to capture influential global
change in relation to demographic (e.g., fertility rate, life expectancy), education (e.g., enrolment and
graduation rates), economic (e.g., capital elasticity of the economy), and lifestyle (i.e., energy demand
and diet change). A substantial variation was observed in the influence of various parameters. The top
influential parameters were related to socioeconomic factors (demography, education, economy) and
diet change, indicating them as key parameters underpinning scenario modelling. We also observed
that the influential parameters did not change significantly over time (Figure 3). Therefore, we used
the influential parameters based on their long-term sensitivity (by 2100) as our reference set of model
parameters to work with for scenario modelling.

2.3 Specify scenario assumptions

We identified and described the main driving forces of global change, with different degrees
of challenges to mitigation and adaptation, based on existing scenario frameworks. We explored future
socioeconomic and climate driving forces framed by two reference global change scenario frameworks
(Moss et al., 2010), i.e., the SSPs (O’Neill et al., 2017; Riahi et al., 2017) and the RCPs (van Vuuren
et al., 2011), respectively. The SSPs chart future underlying socioeconomic development, including
five pathways to 2100: SSP1 (sustainability), SSP2 (business-as-usual), SSP3 (regional rivalry), SSP4
(inequality), and SSP5 (fossil-fuelled development) (O’Neill et al., 2017). The RCPs represent the
climate forcing levels of different possible futures with long-term pathways to certain concentration
levels of CO2 by 2100 and beyond (Meinshausen et al., 2020; van Vuuren et al., 2011), including
(originally) four emissions trajectories to 2100 (and beyond) with different levels of global radiative
forcing from 2.6, to 4.5, t0 6.0, to 8.5 W m (van Vuuren et al., 2011). The emissions trajectory of 1.9
W m was added later as a pathway to 1.5 "C to the end of the century (Rogelj et al., 2019).

Although different forcing levels could be achieved under different socioeconomic scenarios,
a specific RCP is often associated with each SSP (as also used in the sixth Climate Model
Intercomparison Project (CMIP6)) considering consistency between their narratives and their
plausibility (O'Neill et al., 2016). We selected our benchmark SSP-RCP scenarios for implementation
in the same way. We considered the plausibility of selected combinations as well as their application
frequency across 715 studies (published between 2014 and 2019) that used integrated scenarios, based
on a recent review by O’Neill et al. (2020). For example, we assumed that a high and a low radiative
forcing of 8.5 and 2.6 can most likely occur under the societal development of SSP5 and SSP1 which
focus on highly polluting and sustainable futures (respectively). The radiative forcing of 8.5 and 2.6
are also the most frequent levels applied in previous studies to these two SSPs. In the same way, we
associated the radiative forcing levels of 4.5, 7.0, and 6.0 to SSPs 2, 3, and 4 (respectively). We
excluded RCP 1.9 from our analysis given the highly ambitious carbon dioxide removal (CDR)
deployment assumptions in this scenario (Rogelj et al., 2019) that is not explicitly represented in all
integrated assessment models. Such high CDR deployment for achieving 1.9 W m= emissions
trajectory also has an increased complexity of side effects on other sectors that are beyond the scope
of this paper (see discussion in Section 4). In relation to each scenario combination, we also assumed
climate mitigation policy assumptions, such as adoption of carbon capture and storage and carbon
price, as indication of the efforts to reach the specified forcing levels (see description in Supplementary
Table 1).

We elaborated how the future could unfold under each selected SSP-RCP combination in a set
of coherent and internally consistent qualitative assumptions over the 21 century. The scenario
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assumptions represented the determinants of potential futures, both in socioeconomic (i.e., population,
education, economy) and sectoral domains (i.e., energy, climate, land, food and diet change). We
adopted those scenario assumptions (related to socioeconomic conditions, energy, climate, land, and
food and diet change) from the original SSPs (O’Neill et al., 2017). We only selected those original
assumptions that could be characterised in the FeliX model too. For example, we did not include the
SSPs’ original assumption about ‘technology transfer’ given that technology collaborations between
countries were not taken into account in our model. We also used assumptions about ‘improvement in
investment in technology advancement’ and the ‘enhancement of energy technology efficiency’ as two
proxies consistent with our model’s scope and structure to represent the SSPs’ original assumption on
‘energy technology change’.

We described the evolution of scenario assumptions qualitatively by 2100 under five SSP-RCP
combinations (Supplementary Table 1). The qualitative descriptions were informed by the SSP
storylines (O’Neill et al., 2017) (which provided a descriptive account of different scenarios) and their
sectoral extensions (which interpreted the storylines and provided a detailed account of energy (Bauer
et al., 2017), emissions (Meinshausen et al., 2020), and land sectors (Popp et al., 2017)). The internal
consistency of our input assumptions across sectors (e.g., low population, high economic growth, high
sustainability in SSP1) was similar to the SSP narratives. This internal consistency was important to
relate the resulted scenario realisations to the exploration of a new model structure and its
parametrisation rather than to having a totally differnet set of global change scenarios. The qualitative
scenario assumptions informed the implementation of scenarios in the next step by guiding in what
range the model inputs should be and by providing a context to better understand and interpret model
projections. Similar to the original idea of the SSPs, our scenario assumptions represented different
degrees of challenges to mitigation (of the emissions from energy and land-use) and adaptation and
their impacts on the society (O’Neill et al., 2014; van Vuuren et al., 2014). Four of the scenarios (i.e.,
SSP1-2.6, SSP3-7.0, SSP4-6.0, SSP5-8.5) indicated a combination of high and low challenges to
adaptation and mitigation while the fifth scenario (SSP2-4.5) was representative of moderate
mitigation and adaptation challenges.

2.4 Implement scenario assumptions in the model

We translated our scenario assumptions (Section 2.3) into influential model parameters
(Section 2.2) for FeliX (i.e., calibration). Different model structures and simulation period do not allow
for a harmonisation of scenario assumptions across various models, and several equally valid
quantifications of the scenario assumptions can be implemented in models (as was the case for the five
marker models of the SSPs (Riahi et al., 2017)). The previously projected SSP scenarios (Riahi et al.,
2017) are also argued to be not exhaustive, and many plausible and important scenarios may be outside
those standard ranges (Guivarch et al., 2016; Rozenberg et al., 2014), indicating the need for a more
diverse translation of scenario assumptions. Accordingly, we implemented an internally consistent
(across sectors) version of scenarios in the FeliX model, but with different values for model input
parameters and uncertainty ranges that suited our model to enable the exploration of the implications
of varying assumptions and hypotheses (see calibration details in Supplementary Methods).

2.5 Project scenario realisations with the model

We explored the uncertainty space of implemented scenario assumptions in the FeliX model
and built a large number of model runs. Given the uncertainty in projection of model behaviour, we
sampled deeply uncertain scenario assumptions that strongly influence the future (see the design of
experiments details in Supplementary Methods). We simulated and evaluated scenarios against a
diverse suite of socioeconomic and environmental outputs over time under a large ensemble of samples
from the uncertainty space to understand the full scale of variation in scenario performance. Each
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sample from the uncertainty space is an internally consistent set of assumptions representing a possible
scenario realisation, called a state of the world (SOW).

In projecting scenarios, we assumed that there is an uncertainty inherent in the calibration of
influential model parameters. We also assumed that there could be an uncertainty in the timing of
change in the value of model parameters, i.e., from their BAU to calibrated values, to account for the
delay in the emergence of scenario assumptions (e.g., diet change may not happen till 2025, and it may
only gradually emerge from then). This delayed, gradual emergence of scenario assumptions through
the model parameters was consistent with the implementations of the shared socioeconomic pathways
in marker models (van Vuuren et al., 2017). Using the parameter setting of each scenario (Section 2.4)
and their uncertainty space, we simulated the global trajectories of socioeconomic, energy, climate,
and land and food sectors from 2020 to 2100 with the FeliX model. We assessed whether our
projections provide an internally consistent story across different sectors within each scenario, aligned
with original SSP narratives (O’Neill et al., 2017).

2.6 Compare the new projections with those of other models

In the last step, we analysed the resulting database of model runs (Section 2.5) and compared
our projections across socioeconomic, energy, climate, and land and food sectors with the projections
of marker integrated assessment models, including IMAGE (Bouwman et al., 2006; van Vuuren et al.,
2017), MESSAGE-GLOBIOM (Fricko et al., 2017; Riahi et al., 2007), AIM (Fujimori et al., 2017),
GCAM (Calvin et al., 2017), and REMIND-MAGPIE (Kriegler et al., 2017), for the same SSP-RCP
combination. This comparison did not aim for agreement with other models, and was rather focused
on differences and the new insights we arrived at that would not have been possible without modelling
of scenarios with a non-marker model of different structural complexity.

3 Results and discussion

3.1 Scenario realisations

The quantification of scenarios across sectors with the FeliX model provided internally
consistent outcomes across sectors (Figure 4). First, FeliX’s projected SOWSs under SSP1-2.6
represented an inclusive and environment-friendly future for sustainable development. The results
showed a consistently high socioeconomic prosperity across education, population, and economy.
Access to all levels of education (as a proportion of population size), especially higher education,
increased (Figure 4d) with improvement in gender inequality. Global population peaked around mid-
century and came under control (i.e., declined) significantly by 2100 due to a declining fertility rate
(Figure 4a). Economic growth boomed due to fast technological progress (Figure 4e). The
socioeconomic prosperity paved the way for sustainability transitions across different sectors. This
involved major transformations in the energy sector. While rapid economic growth would normally
increase overall energy use, the input assumption of widespread energy-efficient technologies and a
transition to low energy intensity services in this scenario (Supplementary Table 1) attenuated the
increase in energy demand (Figure 4h). The input assumptions of high investment and technological
progress, high environmental consciousness, increasing production costs (e.g., carbon price costs) of
using fossil energy, and the steep cost reduction of renewable technologies also made the model meet
most of the energy demand through adoption of renewable (especially solar) energy (Figures 41 to 4n).
Similar sustainability transitions were observed in the food and land sector. Environmental
consciousness from high educational attainment (especially at tertiary levels) along with low
population growth promoted healthy diets with low animal-calorie shares (Figure 4q). This also
coincided with land productivity growth and high crop and livestock yield (because of input
assumptions on improvement in land managerial practices) resulting in less need for the expansion of
cropland and pasture (Figures 4r, 4s, and 4u) and a sharp decline in deforestation (Figure 4t). Transition



324
325
326
327

328

329

330
331
332
333
334
335

336
337
338
339
340
341
342

to renewable energies, sustainable land-use change, and lower meat consumption, together with a
strong climate policy regime (e.g., carbon price, carbon capture and storage for fossil fuels) created a
high potential for mitigation with low-range emissions (Figure 4w) and low radiative forcing levels
(Figure 4v) by 2100.
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Figure 4. Scenario projections with the FeliX model (envelopes) and their comparison with the
projections of major demographic and economic models (Dellink et al., 2017; Samir & Lutz,
2017) and integrated assessment models (Bauer et al., 2017; Calvin et al., 2017; Fujimori et al.,
2017; Kriegler et al., 2017; Popp et al., 2017; Riahi et al., 2017; van Vuuren et al., 2017) (thin
lines). Projections cover the period 2020-2100 with an annual time step. See Supplementary Figure 2
for the detailed specification of projections with other IAMs.

The SSP2-4.5 projections followed the continuation of past and current (business-as-usual)
trajectories across all sectors. The results showed a moderate growth in all socioeconomic sectors
(population, education, economy) (Figures 4a to 4e), a higher energy demand, and a slower transition
to renewable energy compared to SSP1-2.6 (Figures 4f to 4n). There was also a moderate rate of
agricultural land expansion and deforestation and a relatively higher animal caloric supply (Figures 40
to 4u) due to input assumptions on the continuation of current (high meat) diet regimes. Together,
these trajectories resulted in a higher level of emissions and radiative forcing compared to SSP1-2.6,
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but still lower than other scenarios due to moderate climate change mitigation policies (Figures 4v and
4w).

The SSP3-7.0 projections represented a high population, consumption, and environmental
footprints scenario. The results showed the low-achieving socioeconomic projections among all
scenarios (Figures 4ato 4e). A very slow economic growth led to an underdeveloped education system,
especially at the tertiary level, which limited the training of a skilled labour force and created further
challenges for economic development. Slow economic progress along with limited educational
opportunities induced rapid population growth and declining wellbeing and life expectancy across the
population. A relatively weak economy normally has a reduced demand for energy. However, input
assumptions around low environmental standards and poorly performing public infrastructure in this
scenario (Supplementary Table 1) increased energy demand compared to the business-as-usual
trajectories (Figure 4h). Transition to renewable (i.e., wind and solar) energy was slower than the
business-as-usual (Figures 4l to 4n) due to input assumptions around low energy technology
improvement (i.e., efficiency), limited investment in expanding installed renewable energy capacity,
and lower production cost of fossil energy (i.e., no limit on emissions and carbon price for fossil fuels).
In the land and food sector, low crop and livestock yield (due to poor land management practices) and
increasing demand for animal calories from the increasing population necessitated the rapid expansion
of cropland and pasture to address food insecurity (Figures 40 to 4u). A combination of booming
population with declining trends of other socioeconomic systems, high fossil energy dependency, high
meat consumption with rapid agricultural land expansion, and a lack of strong global climate change
mitigation policies for the energy and land sectors resulted in high emissions and high radiative forcing
levels (Figures 4v and 4w), posing significant challenges to mitigation in this scenario.

The SSP4-6.0 projections showed moderate trajectories in socioeconomic systems (i.e.,
population, education, economy) with trends better than business-as-usual and SSP3-7.0, but not at the
same level of prosperity as in SSP1-2.6 and SSP5-8.5 (Figures 4a to 4e). Transition in the energy sector
(from fossil to renewable sources) (Figures 4f to 4n) and food production and the expansion of
agricultural lands (Figures 40 to 4u) also had relatively similar low and high trends (respectively)
compared to business-as-usual. These socioeconomic, energy, and food and land trajectories together
resulted in a moderate (compared to business-as-usual) emissions and radiative forcing (Figures 4v
and 4w), leading to relatively low challenges to mitigation.

The SSP5-8.5 was a promising socioeconomic future at the cost of an unsustainable
environmental outlook driven by a highly polluting and high-consumption lifestyle. The projections
showed a similar level of socioeconomic prosperity to SSP1-2.6, with equally low population and high
educational attainment, and even higher economic growth (Figures 4a to 4e). However, socioeconomic
development in this scenario resulted in high, resource-intensive consumption, with severe impacts for
energy and climate. Rapid economic growth promoted a lifestyle with the highest energy demand
among all scenarios (Figure 4h). However, contrary to SSP1-2.6, this high energy demand was not
offset by a transition to low energy intensity, efficient renewable energy technologies, nor an
environmental consciousness around consumption impacts (Supplementary Table 1). Despite rapid
economic development and technological advances, the reliance on fossil fuels as a cheap source of
energy remained much higher than other scenarios to meet the increasing energy demand (Figures 4i
to 4k). In the food and land sector (Figures 40 to 4u), a small yet high animal-calorie-consuming
population resulted in crop and livestock production lower than the business-as-usual but still higher
than the SSP1-2.6 scenario. The effects of all sectors together, mostly driven by a fossil-fuel-dependent
energy system in the absence of universal climate polices, resulted in the highest emissions and
radiative forcing among all scenarios, creating significant challenges to mitigation (Figures 4v and
4w).
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3.2 Divergence from standard projections

The modelling of our scenario assumptions resulted in internally consistent storylines similar
to the SSPs (O’Neill et al., 2017), but not necessarily with the same quantitative projections to those
of other integrated assessment models (Riahi et al., 2017), due to the new model structural complexity
(Section 2.1) and different parametrisation (Section 2.4). While the scenario projection of marker
IAMs (Figure 4) can be interpreted as being representative of a specific SSP-RCP development, they
are not to be considered as central, median, or most-likely future developments. This means that for
each SSP-RCP combination, numerous alternative projections are possible—and they are equally
valid—as long as they are internally harmonious. The projection of scenarios with the FeliX model
presented some of these equally valid, yet divergent futures to standard projections. Among the FeliX’s
divergences from the projections of other IAMs, three are more prominent.

First, the FeliX’s projections of coal production in SSP5-8.5 were lower than projections from
other marker IAMs from 2070 onwards (Figure 4i), showing more promising futures for renewable
energies and a faster decline in fossil energies, even in the fossil-fuelled development pathway. This
can be explained by the energy market share structure in FeliX where reduction in energy production
from one source is compensated by energy from other (more price-competitive) sources. This model
structure, along with assumptions about the declining cost of production from other energy sources
over time, made coal less cost competitive compared to other fossil (i.e., gas, oil) as well as renewable
(i.e., solar, wind) sources. This propagated a more rapid decline in coal production consistently across
all scenarios (more noticeably in SSP5-8.5) in the FeliX model. The issue of conservative assumptions
on renewable costs in the global climate (IPCC) scenarios (and hence less competition that can reduce
fossil energy production) has been discussed in the literature (Eker, 2021; Jaxa-Rozen & Trutnevyte,
2021). Similar variations, resulting from differing model structural complexity and parameterisation,
were also observed among other integrated assessment models where some attributed greater priority
to some energy technologies over others. For example, REMIND-MAGPIE and MESSAGE-
GOLOBIOM had the highest solar and MESSAGE-GOLOBIOM had the lowest share of oil across all
scenarios compared to other models. Despite this lower coal production compared to other models,
coal production in SSP5-8.5 projected by FeliX still remained much higher than renewable energy
production in the same scenario and was also higher than coal production in other FeliX’s SSP-RCP
projections. This maintained an internal consistency with the ‘fossil-fuelled development’ storyline
narratives (O’Neill et al., 2017).

Second, FeliX’s projections varied from those of other IAMs in food and land sector (most
notably in SSP1-2.6 and SSP3-7.0), bringing new insights about the impacts of sustainable diet shift
(from meat to vegetable) on food demand, food production, and land-use change. The observed
variations in food and land are primarily linked to FeliX’s diet change structure, an additional model
module compared to other marker models. In FeliX, demand for agricultural land is driven by the size
of food production, which itself is designed to meet food demand. This means that an increase or
decrease in food consumption can directly impact food production and agricultural land expansion.
The food demand and consumption of vegetables and meat in FeliX was modelled mainly through the
diet change sub-model which formalised sustainable diet shift (i.e., reduction in meat consumption) in
food systems based on behavioural factors (e.g., social norms and value driven actions) and
educational attainments of the population per gender (Eker et al., 2019). This links to the food demand
from various food categories (animal-based and plant-based foods), and subsequently to food
(livestock) production, to demand for arable land (pasture and cropland), and to land-use change (i.e.,
deforestation). Diet (as a lifestyle driver) was mentioned in the original storylines of shared
socioeconomic pathways (O’Neill et al., 2017), but it was not explicitly modelled with its feedback
interactions in most of the major integrated assessment models. However, modelling of diet change,
as shifting social norms and changing patterns of human behaviour in food consumption, has become
increasingly important (Willett et al., 2019), with impacts on multiple SDGs (food, health, responsible
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consumption, biodiversity conservation) (Herrero et al., 2021). Given assumptions on low caloric food
consumption per person per year and low animal calories diet share in SSP1-2.6 (and the opposite in
SSP3-7.0), the FeliX projections resulted in low livestock production (Figure 4q), low pastures and
croplands (Figures 4s and 4u), and more forest land (Figure 4t) in SSP1-2.6 (and vice versa in SSP3-
7.0).

Third, the combination of a sharper decline in coal production as well as varied food
consumption patterns in FeliX (as explained above) resulted in lower projections of CO2 emissions,
most notably in SSP5-8.5, compared to the other models. This brings a new insight that the
consideration of diet change impacts and more aggressive assumptions on fossil fuel reduction can
make CO- emissions less likely follow the projection of current high-emission scenarios (i.e., SSP5-
8.5). Such lower emission projections are aligned with the tracked emission developments over the
past three decades which followed the middle of projected emission scenarios (Pedersen et al., 2020).
It also echoes the recent critiques about the relevance of high-emission RCPs (Hausfather & Peters,
2020), signifying the importance of considering a broader range of emission projections in
sustainability analysis.

3.3 Scenario implications for sustainable development

The complex and deeply uncertain multisector dynamics that underlie the SDGs resulted in
substantially varied outcomes for sustainable development across different scenarios and indicators
(Figure 5). Among the generated SOWSs, the accumulation of changes in SSP1-2.6 between 2050 and
2100 created a promising long-term trajectory for sustainable development. However, this was not the
case in generated SOWs under other scenarios, driven by counteracting interactions between future
socioeconomic and environmental drivers. The trends in some of the major indicators are described
here for illustration while the detailed projections of all indicators are available in Figure 5 and the
online dataset.

Among the socioeconomic indicators for sustainable development, Gross World Product
(GWP) per capita (Figure 5e-i), adolescent fertility rate (Figure 5b-ii), and mean years of schooling
(Figure 5c-i) were the three with the fastest improvement over the century in SSP5-8.5 and SSP1-2.6
(across SOWSs) by 2030 and beyond. This was due to input assumptions on investment in high-quality
and well-functioning education (Figure 4d) and declining population growth (Figure 4a) under these
two scenarios. Despite similar performance in socioeconomic indicators, the human prosperity and
economic growth created two different pathways for environmental impacts and for achieving
sustainable development under SSP1-2.6 and SSP5-8.5.

In SSP1-2.6, the high level of socioeconomic prosperity led to improving trajectories in major
energy and climate indicators by 2030. In a longer timeframe and by 2100, the increasing scale of
positive socioeconomic change in this scenario achieved more than 85% (global average) share of
renewable energy supply (Figure 5d-i), close to 430 ppm CO2 concentration (Figure 5g-i), and < 2
degree °C global temperature change (Figure 5g-ii). The SSP1-2.6 scenario also resulted in a
significant drop in total agricultural activities (Figures 4r), positively impacting several SDG indicators
related to food and land-use change. Among these positive impacts was SSP1-2.6’s declining trend in
(land-based) animal calorie supply (Figure 5a-ii) due to a decreasing population after 2050 (Figure 4a)
and lower meat consumption. Reducing demand for food through responsible consumption and
collective global action on food choices under this scenario could help to alleviate the pressure from
the COVID-19 pandemic on the food system, helping those worst-affected by the distributional
impacts on food supply chains. The SSP1-2.6 scenario also outperformed other scenarios in some of
the major responsible production and biodiversity conservation indicators, such as yield improvement
(Figure 5a-i), reduced pressure from agricultural land expansion and fertiliser use (Figures 5f-i, 5f-ii),
and less deforestation and biodiversity loss (Figures 5h-i, 5h-ii).
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Figure 5. The implications of modelled scenarios for sustainable development across 50,000
SOWs and in 16 indicators. In each subplot, the envelope plots show each indicator’s trajectory
across five scenarios with descriptive statistics (mean and standard deviation) to represent the average
projected value and the uncertainty range of each indicator’s projection. The box plots show the
comparative of performance of each scenario compared to the business-as-usual’s trajectories (i.e.,
baseline SSP2-4.5). This shows what would happen (i.e., the scale of improvement or deterioration in
each indicator) if we deviate (positively or negatively) from current trajectories (i.e., business-as-
usual).

By contrast, socioeconomic prosperity in SSP5-8.5 resulted in the fastest growth in the share
of fossil fuels in energy supply (Figure 5d-i) driven by increasing demand from high energy intensity
of industry and services (Figure 4h). Reliance on fossil fuels in this scenario translated into severe
climate impacts from (energy-related) high CO2 concentration (Figure 5g-i) with global temperature
continuing to rise to almost 4.5 degree °C by 2100 in all simulated SOWs (Figure 5g-ii). This imposed
a severe risk for achieving the IPCC climate targets (Rogelj et al., 2019). The SSP5-8.5 scenario also
resulted in a high land-based animal calorie supply up to 50% (across all SOWSs) higher than the
business-as-usual trajectories driven by the economic welfare combined with high meat-based diets
(Figure 5a-ii). This led to the higher production of crops in this scenario as livestock feed (Figure 4q).
However, high crop and livestock yields and effective land management practices fuelled by high
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GWP and rapid technology advances as described in this scenario’s assumptions (Supplementary
Table 1), enabled the achievement of high food demand and production with less agricultural land
(Figure 4r). This resulted in improving trajectories in indicators related to forest land (Figure 5h-i)
throughout the 21 century.

Far less improvement occurred in SSP3-7.0 and SSP4-6.0 across all indicators and SOWSs. The
global trajectories under these two scenarios deteriorated in most of socioeconomic, energy, climate,
and biodiversity indicators. This resulted from the combined effects of the medium to high population
(Figure 4a), slow economic growth (Figure 4e), low investment in higher education (Figure 4d), high
energy demand from inefficient and high energy intensity infrastructure (Figure 4h), low diffusion of
renewable energy (Figure 4f), and extreme pressure on lands from agricultural activities and high
animal calorie consumption (Figures 4r and 4q), as discussed in Sections 3.1 and 3.2. For instance,
trends over the century reached around 3-4 degree °C warming (compared to the pre-industrial level),
significantly exceeding the 1.5-2 degree °C target from the Paris Agreement (Figure 5g-ii). Similar
negative drivers across these two scenarios also resulted in extreme-range trajectories in indicators
related to food production (Figure 5a-ii), fertiliser use (Figure 5f-i, 5f-ii), and biodiversity across all
SOWs by 2030 and beyond (Figure 5h-i, 5h-ii). For example, high rates of fertiliser application in
agriculture (up to 40% higher than business-as-usual; Figure 5f-i) and the steep decline in forest land
and species abundance (up to 30% and 50% decline compared to business-as-usual respectively;
Figure 5h-1, 5h-ii) under SSP3-7.0 were attributed in the model to the complex underlying dynamics
of high population growth along with unhealthy diets with a high animal calorie diet that increases the
demand for feed crops. As a result of this high feed demand, the pressure on natural and agricultural
lands increased strongly (Figure 4r), resulting in further demand for fertiliser application and greater
deforestation and biodiversity loss.

4 Conclusions and future work

Interacting systems, with multisectoral dynamics that occur at an unprecedented pace, can
create complexity and uncertainty in understanding the impacts of future socioeconomic and
environmental change on sustainable development. Despite the popularity of standard (marker)
integrated assessment models as widely used tools to understand environmental and societal risks of
climate change, the knowledge that is put into these models (e.g., conceptual framing, boundary
conditions, model structure, parametrisation) is imperfect, limited, and uncertain. This uncertainty
challenges the ideal of the marker models as the projection tools, which turn best available knowledge
into best estimates. One way of dealing with this combination of uncertainty and complexity is through
scenario exploration with a greater diversity of models that have new modelling paradigms (e.g.,
system dynamics), different structural complexity (e.g., feedback-rich), and alternative assumptions,
and can better simulate the underlying multisectoral dynamics for the assessment of sustainable
development.

We implemented global scenarios in a non-marker integrated assessment model to investigate
the new uncertainty of future projections for sustainable development. First, it contributed to
sustainability science by exploring broader implications of global scenarios beyond the original foci
of climate change and in sustainable development across multiple SDGs. Second, the methodology
used for the adoption of global scenarios was a generalisable contribution too, enabling a greater
diversity of non- marker models to be adopted for similar assessments. It helped expand the limits of
benchmark scenarios through the exploration of a larger uncertainty space driven by new model
structures (e.g., diet change impacts).

While we evaluated the trajectories of a subset of SDG indicators to demonstrate the
implications of global scenarios, measuring the actual progress in all SDGs or discovering the
individual contribution of socioeconomic (SSP) versus climatic (RCP) drivers in making the progress
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was not our focus. An important next step is to focus on SDG progress analysis specifically and model
a larger diversity of indicators under all SDGs (Allen et al., 2019; Soergel et al., 2021). One can also
adopt post-processing techniques (e.g., scenario discovery cluster analysis (Guivarch et al., 2016;
Rozenberg et al., 2014)) to identify the main socioeconomic and climate driving forces of each SDG
indicator and to quantify the extent of their (positive or negative) contributions to the SDG progress.

While we explored the prevalent uncertainty of several indicated model parameters, we
acknowledge that we did not include all forms of uncertainties, and not specifically those severe forms
of uncertainty (i.e., unknown unknown circumstances or state of total ignorance), which cannot be
fully represented in models (Stirling, 2010). Future work is needed to incorporate other techniques and
approaches (e.g., scenario discovery, robustness analysis, adaptive policy-making) to identify tipping
points as warning signs, employ monitoring processes, and execute multiple pathways to be prepared
for future contingencies. These can enable proactive and anticipatory responses to external shocks and
help decision-makers in keeping human and environmental systems on-track towards sustainability
targets in the face of severe uncertainties.

Further enhancing the robustness of insights obtained about the SDGs requires the expansion
of scenario space and its uncertainty exploration to include similar sustainability analyses over many
other possible combinations of SSPs and RCPs (O’Neill et al., 2020). However, this comes at the
expense of increasing the computational costs of simulations. Our model-based assessment of the
SDGs was no exception. Our results and their interpretations in this article were based on the
assumptions of only five specific SSP-RCP combinations, and there were other potential combinations
that we did not investigate. For example, our most sustainable scenario was developed based on SSP1-
2.6. While SSP1-2.6 can substantially control environmental damages from energy and climate
impacts relative to our other scenarios, the SSP1-2.6 scenario is not still aligned with IPCC mitigation
pathways which limit global warming to 1.5 degree °C (Rogelj et al., 2018b). Future research can
construct SSP1 in the FeliX model in line with the pathways of more aggressive actions (i.e., more
ambitious Nationally Determined Contributions under the Paris Agreement) and more extreme
mitigation pathways (e.g., aligned with 1.9 W m radiative forcing level or with pathways proposed
by the IPCC 1.5 (IPCC, 2018)). This could potentially improve the performance of the SSP1 scenario
across energy and climate indicators (e.g., faster emissions reduction) compared to our results, driven
by for example a greater reliance on atmospheric CO. removal technologies and practices (Smith et
al., 2016). However, it should be noted that more aggressive assumptions such as a very high level of
CO2 removal has not been demonstrated in practice and may cause other sustainability issues such as
competition with food and agricultural sectors for land and water (Rogelj et al., 2018b). Hence, policy
cost and feasibility assessment become an important research direction in future studies with scenarios
of more aggressive emissions reduction and with potential spillover effects on other sectors.

The discussion of scale and interactions between global, national, and local efforts in modelling
the SDGs under uncertainty can also play a crucial role in future scenario modelling for the SDGs
(Verburg et al., 2016). In this article, we characterised the future development of socioeconomic, food
and land, energy, and climate systems at a global scale. Other studies have also mostly analysed these
scenarios either at global, regional, or national scales (Szetey et al., 2021). However, large scale and
global scenarios, in reality, translate into local changes in human interactions with the environment.
Grassroots solutions led by local communities, cities, and businesses can also make synergies with the
aspirations of the higher scales and significantly impact the unfolding of higher-level sustainability
scenarios (Bennett et al., 2021; Moallemi et al., 2020; Szetey et al., 2021). This brings new challenges
for modelling the cross-scale dynamics of scenarios that can account for both higher spatial and
temporal resolutions where policy-making (e.g., carbon pricing) and biophysical processes (e.g.,
greenhouse gas emissions) operate, as well as for locally-specific and place-based dynamics, such as
gender inequality (Emmerling & Tavoni, 2021) and the representation of heterogeneous actors (llkka
etal., 2021). Future work on integrated assessment modelling, therefore, requires capturing the societal
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dynamics of lower scales beyond the currently global, regional, or national assumptions to better
incorporate them in scenario exploration (Liu et al., 2013). This can lead to more reliable insights that
can account for the diversity of local priorities and the heterogeneities in the availability of skills and
resources across regions, enabling a more just and inclusive sustainable development by tailoring the
plans to the unique socio-ecological characteristics of each context.

Acknowledgments
N/A.

Author Contributions

Conceptualisation: E. A. Moallemi

Data curation: E. A. Moallemi, S. Eker, L. Gao

Formal Analysis: E. A. Moallemi, S. Eker, L. Gao, B. A. Bryan

Funding acquisition: B. A. Bryan

Investigation: E. A. Moallemi, S. Eker, L. Gao, B. A. Bryan
Methodology: E. A. Moallemi, S. Eker, L. Gao

Visualisation: E. A. Moallemi

Writing — original draft: E. A. Moallemi

Writing — review & editing: E. A. Moallemi, S. Eker, L. Gao, B. A. Bryan

Financial Support
This work is funded by The lan Potter Foundation and Deakin University (Grant number: 20190016).

Conflicts of Interest
Authors declare no conflict of interest.

Code and Data Availability

The datasets/code generated during this study are available from https://zenodo.org/record/5339013.
Further information and requests for resources and reagents should be directed to and will be
fulfilled by Enayat A. Moallemi (email: e.moallemi@deakin.edu.au).

Supplementary Information
e Supplementary Methods

e Supplementary Figure 1. The convergence of parameter ranking and sensitivity index in the
projection of model’s control variables in year 2100, for the increasing number of sample size.

e Supplementary Figure 2. Scenario projections with the FeliX model and their comparison with
the projections of major demographic and economic models.

e Supplementary Table 1. Qualitative assumptions of scenarios.

e Supplementary Table 2. The list of candidate uncertain model parameters used for sensitivity
analysis.

e Supplementary Table 3. Key scenario parameters and their quantification in the FeliX model.


https://zenodo.org/record/5339013

638

639
640
641

642
643
644

645
646
647

648
649

650
652

653
654

655
656

657
658

659
661

662
663

664
665
666
667

668
669

670
671

672
673

674
675

676
677
678

679
680

References

Allen, C., Metternicht, G., Wiedmann, T., & Pedercini, M. (2019). Greater gains for Australia by tackling all SDGs but the
last steps will be the most challenging. Nature sustainability, 2(11), 1041-1050. doi: 10.1038/s41893-019-0409-
9

Babatunde, K. A., Begum, R. A, & Said, F. F. (2017). Application of computable general equilibrium (CGE) to climate
change mitigation policy: A systematic review. Renewable and Sustainable Energy Reviews, 78, 61-71. doi:
https://doi.org/10.1016/j.rser.2017.04.064

Bauer, N., Calvin, K., Emmerling, J., Fricko, O., Fujimori, S., Hilaire, J., . . . van Vuuren, D. P. (2017). Shared Socio-
Economic Pathways of the Energy Sector — Quantifying the Narratives. Global Environmental Change, 42, 316-
330.

Bennett, E. M., Biggs, R., Peterson, G. D., & Gordon, L. J. (2021). Patchwork Earth: navigating pathways to just, thriving,
and sustainable futures. One Earth, 4(2), 172-176. doi: https://doi.org/10.1016/j.oneear.2021.01.004

Bijl, D. L., Bogaart, P. W., Dekker, S. C., Stehfest, E., de Vries, B. J. M., & van Vuuren, D. P. (2017). A physically-based
model of long-term  food demand. Global Environmental Change, 45, 47-62. doi:
https://doi.org/10.1016/j.gloenvcha.2017.04.003

Bouwman, A. F., Kram, T., & Klein Goldewijk, K. (2006). Integrated Modelling of Global Environmental Change - An
Overview of IMAGE 2.4. The Netherlands Environmental Assessment Agency (MNP), Bilthoven.

Calvin, K., Bond-Lamberty, B., Clarke, L., Edmonds, J., Eom, J., Hartin, C., . .. Wise, M. (2017). The SSP4: A world of
deepening inequality. Global Environmental Change, 42, 284-296.

Campolongo, F., Cariboni, J., & Saltelli, A. (2007). An effective screening design for sensitivity analysis of large models.
Environmental Modelling & Software, 22(10), 1509-1518. doi: https://doi.org/10.1016/j.envsoft.2006.10.004

DeCarolis, J., Daly, H., Dodds, P., Keppo, I., Li, F., McDowall, W., . . . Zeyringer, M. (2017). Formalizing best practice
for  energy  system optimization modelling. Applied Energy, 194, 184-198. doi:
http://dx.doi.org/10.1016/j.apenergy.2017.03.001

Dellink, R., Chateau, J., Lanzi, E., & Magné, B. (2017). Long-term economic growth projections in the Shared
Socioeconomic Pathways. Global Environmental Change, 42, 200-214.

Doelman, J. C., Stehfest, E., Tabeau, A., van Meijl, H., Lassaletta, L., Gernaat, D. E. H. J., . .. van Vuuren, D. P. (2018).
Exploring SSP land-use dynamics using the IMAGE model: Regional and gridded scenarios of land-use change
and land-based climate change mitigation. Global Environmental Change, 48, 119-135. doi:
https://doi.org/10.1016/j.gloenvcha.2017.11.014

Duan, H., Zhang, G., Wang, S., & Fan, Y. (2019). Robust climate change research: a review on multi-model analysis.
Environmental Research Letters, 14(3), 033001. doi: 10.1088/1748-9326/aaf8f9

Eker, S. (2021). Drivers of photovoltaic uncertainty. Nature Climate Change, 11(3), 184-185. doi: 10.1038/s41558-021-
01002-z

Eker, S., Reese, G., & Obersteiner, M. (2019). Modelling the drivers of a widespread shift to sustainable diets. Nature
sustainability. doi: 10.1038/s41893-019-0331-1

Emmerling, J., & Tavoni, M. (2021). Representing inequalities in integrated assessment modeling of climate change. One
Earth, 4(2), 177-180. doi: 10.1016/j.oneear.2021.01.013

Fricko, O., Havlik, P., Rogelj, J., Klimont, Z., Gusti, M., Johnson, N., . . . Riahi, K. (2017). The marker quantification of
the Shared Socioeconomic Pathway 2: A middle-of-the-road scenario for the 21st century. Global Environmental
Change, 42, 251-267. doi: https://doi.org/10.1016/j.gloenvcha.2016.06.004

Fujimori, S., Hasegawa, T., Masui, T., Takahashi, K., Herran, D. S., Dai, H., . . . Kainuma, M. (2017). SSP3: AIM
implementation of Shared Socioeconomic Pathways. Global Environmental Change, 42, 268-283.


https://doi.org/10.1016/j.rser.2017.04.064
https://doi.org/10.1016/j.oneear.2021.01.004
https://doi.org/10.1016/j.gloenvcha.2017.04.003
https://doi.org/10.1016/j.envsoft.2006.10.004
http://dx.doi.org/10.1016/j.apenergy.2017.03.001
https://doi.org/10.1016/j.gloenvcha.2017.11.014
https://doi.org/10.1016/j.gloenvcha.2016.06.004

681
682

683
684

685
687
688
689
690
691
692
693

694

718
720

721
722

723
724

Gao, L., & Bryan, B. A. (2016). Incorporating deep uncertainty into the elementary effects method for robust global
sensitivity analysis. Ecological Modelling, 321, 1-9. doi: https://doi.org/10.1016/j.ecolmodel.2015.10.016

Gao, L., & Bryan, B. A. (2017). Finding pathways to national-scale land-sector sustainability. Nature, 544, 217. doi:
10.1038/nature21694

Gold, D. F., Reed, P. M., Trindade, B. C., & Characklis, G. W. (2019). Identifying Actionable Compromises: Navigating
Multi-City Robustness Conflicts to Discover Cooperative Safe Operating Spaces for Regional Water Supply
Portfolios. Water Resources Research, n/a(n/a). doi: 10.1029/2019WR025462

Graham, N. T., Davies, E. G. R., Hejazi, M. I., Calvin, K., Kim, S. H., Helinski, L., ... Vernon, C. R. (2018). Water Sector
Assumptions for the Shared Socioeconomic Pathways in an Integrated Modeling Framework. Water Resources
Research, 54(9), 6423-6440. doi: https://doi.org/10.1029/2018WR023452

Guivarch, C., Lempert, R., & Trutnevyte, E. (2017). Scenario techniques for energy and environmental research: An
overview of recent developments to broaden the capacity to deal with complexity and uncertainty. Environmental
Modelling & Software, 97, 201-210. doi: http://dx.doi.org/10.1016/j.envsoft.2017.07.017

Guivarch, C., Rozenberg, J., & Schweizer, V. (2016). The diversity of socio-economic pathways and CO2 emissions
scenarios: Insights from the investigation of a scenarios database. Environmental Modelling & Software, 80, 336-
353. doi: http://dx.doi.org/10.1016/j.envsoft.2016.03.006

Hausfather, Z., & Peters, G. P. (2020). Emissions — the ‘business as usual’ story is misleading. Nature, 577, 618-620. doi:
https://doi.org/10.1038/d41586-020-00177-3

Herrero, M., Thornton, P. K., Mason-D'Croz, D., Palmer, J., Bodirsky, B. L., Pradhan, P., . . . Rockstrom, J. (2021).
Avrticulating the effect of food systems innovation on the Sustainable Development Goals. The Lancet Planetary
Health, 5(1), e50-e62. doi: https://doi.org/10.1016/S2542-5196(20)30277-1

llkka, K., Isabela, B., Nicolas, B., Matteo, C., Oreane, E., Johannes, E., . . . Fabian, W. (2021). Exploring the possibility
space: Taking stock of the diverse capabilities and gaps in integrated assessment models. Environmental Research
Letters.

IPCC. (2018). Global Warming of 1.5 °C: An IPCC special report on the impacts of global warming of 1.5 °C.
Intergovernmental Panel on Climate Change. Retrieved from http://www.ipcc.ch/report/sr15/

Jafino, B. A., Kwakkel, J. H., Klijn, F., Dung, N. V., van Delden, H., Haasnoot, M., & Sutanudjaja, E. H. (2021).
Accounting for Multisectoral Dynamics in Supporting Equitable Adaptation Planning: A Case Study on the Rice
Agriculture in  the Vietham Mekong Delta. Earth's Future, 9(5), €2020EF001939. doi:
https://doi.org/10.1029/2020EF001939

Jaxa-Rozen, M., & Trutnevyte, E. (2021). Sources of uncertainty in long-term global scenarios of solar photovoltaic
technology. Nature Climate Change, 11(3), 266-273. doi: 10.1038/s41558-021-00998-8

JGCRI. (2017). GCAM v4.3 documentation: Global change assessment model (GCAM). The Joint Global Change Research
Institute (JGCRI).

Kohler, J., de Haan, F., Holtz, G., Kubeczko, K., Moallemi, E. A., Papachristos, G., & Chappin, E. (2018). Modelling
Sustainability Transitions: An Assessment of Approaches and Challenges. Journal of Artificial Societies and
Social Simulation, 21(1), 8. doi: http://jasss.soc.surrey.ac.uk/21/1/8.html

Kriegler, E., Bauer, N., Popp, A., Humpendder, F., Leimbach, M., Strefler, J., . . . Edenhofer, O. (2017). Fossil-fueled
development (SSP5): An energy and resource intensive scenario for the 21st century. Global Environmental
Change, 42, 297-315.

Leclere, D., Obersteiner, M., Barrett, M., Butchart, S. H. M., Chaudhary, A., De Palma, A., . .. Young, L. (2020). Bending
the curve of terrestrial biodiversity needs an integrated strategy. Nature. doi: 10.1038/s41586-020-2705-y

Liu, J., Hull, V., Batistella, M., DeFries, R., Dietz, T., Fu, F., . .. Zhu, C. (2013). Framing Sustainability in a Telecoupled
World. Ecology and Society, 18(2). doi: 10.5751/ES-05873-180226


https://doi.org/10.1016/j.ecolmodel.2015.10.016
https://doi.org/10.1029/2018WR023452
http://dx.doi.org/10.1016/j.envsoft.2017.07.017
http://dx.doi.org/10.1016/j.envsoft.2016.03.006
https://doi.org/10.1038/d41586-020-00177-3
https://doi.org/10.1016/S2542-5196(20)30277-1
http://www.ipcc.ch/report/sr15/
https://doi.org/10.1029/2020EF001939
http://jasss.soc.surrey.ac.uk/21/1/8.html

725
726

727
728
729
730
732
733
734
735
736
737
738

739
740

741
742

743
745
746
747
748
749
750
751
752
754
755
756
757
758
759
760

761
762

763
765
766

767
768

Mace, G. M., Barrett, M., Burgess, N. D., Cornell, S. E., Freeman, R., Grooten, M., & Purvis, A. (2018). Aiming higher to
bend the curve of biodiversity loss. Nature sustainability, 1(9), 448-451. doi: 10.1038/s41893-018-0130-0

Mayer, L. A,, Loa, K., Cwik, B., Tuana, N., Keller, K., Gonnerman, C., . . . Lempert, R. J. (2017). Understanding scientists’
computational modeling decisions about climate risk management strategies using values-informed mental
models. Global Environmental Change, 42, 107-116. doi: https://doi.org/10.1016/j.gloenvcha.2016.12.007

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J., Vogel, E., Freund, M., .. . Wang, R. H. J. (2020). The shared
socio-economic pathway (SSP) greenhouse gas concentrations and their extensions to 2500. Geosci. Model Dev.,
13(8), 3571-3605. doi: 10.5194/gmd-13-3571-2020

Moallemi, E. A., & Kohler, J. (2019). Coping with uncertainties of sustainability transitions using exploratory modelling:
The case of the MATISSE model and the UK's mobility sector. Environmental Innovation and Societal
Transitions, 33, 61-83. doi: https://doi.org/10.1016/j.eist.2019.03.005

Moallemi, E. A., Malekpour, S., Hadjikakou, M., Raven, R., Szetey, K., Ningrum, D., . .. Bryan, B. A. (2020). Achieving
the Sustainable Development Goals requires transdisciplinary innovation at the local scale. One Earth, 3, 300-
313. doi: 10.1016/j.oneear.2020.08.006

Morris, M. D. (1991). Factorial Sampling Plans for Preliminary Computational Experiments. Technometrics, 33(2), 161-
174. doi: 10.2307/1269043

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, S. K., Van Vuuren, D. P., ... Kram, T. (2010). The
next generation of scenarios for climate change research and assessment. Nature, 463(7282), 747.

O'Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P., Hurtt, G., . . . Sanderson, B. M. (2016). The
Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6. Geosci. Model Dev., 9(9), 3461-3482. doi:
10.5194/gmd-9-3461-2016

O’Neill, B. C., Carter, T. R., Ebi, K., Harrison, P. A., Kemp-Benedict, E., Kok, K., . . . Pichs-Madruga, R. (2020).
Achievements and needs for the climate change scenario framework. Nature Climate Change, 10(12), 1074-1084.
doi: 10.1038/s41558-020-00952-0

O’Neill, B. C., Kriegler, E., Ebi, K. L., Kemp-Benedict, E., Riahi, K., Rothman, D. S., . . . Solecki, W. (2017). The roads
ahead: Narratives for shared socioeconomic pathways describing world futures in the 21st century. Global
Environmental Change, 42, 169-180. doi: https://doi.org/10.1016/j.gloenvcha.2015.01.004

O’Neill, B. C., Kriegler, E., Riahi, K., Ebi, K. L., Hallegatte, S., Carter, T. R., . .. van Vuuren, D. P. (2014). A new scenario
framework for climate change research: the concept of shared socioeconomic pathways. Climatic Change, 122(3),
387-400. doi: 10.1007/s10584-013-0905-2

Obersteiner, M., Walsh, B., Frank, S., Havlik, P., Cantele, M., Liu, J., . . . van Vuuren, D. (2016). Assessing the land
resource—food price nexus of the Sustainable Development Goals. Science Advances, 2(9), €1501499. doi:
10.1126/sciadv.1501499

Parkinson, S., Krey, V., Huppmann, D., Kahil, T., McCollum, D., Fricko, O., . . . Riahi, K. (2019). Balancing clean water-
climate change mitigation trade-offs. Environmental Research Letters, 14(1), 014009. doi: 10.1088/1748-
9326/aaf2a3

Pedercini, M., Arquitt, S., Collste, D., & Herren, H. (2019). Harvesting synergy from sustainable development goal
interactions. Proceedings of the National Academy of Sciences, 116(46), 23021. doi: 10.1073/pnas.1817276116

Pedersen, J. S. T., van Vuuren, D. P., Aparicio, B. A., Swart, R., Gupta, J., & Santos, F. D. (2020). Variability in historical
emissions trends suggests a need for a wide range of global scenarios and regional analyses. Communications
Earth & Environment, 1(1), 41. doi: 10.1038/s43247-020-00045-y

Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpendder, F., Stehfest, E., . . . Vuuren, D. P. v. (2017). Land-use futures
in the shared socio-economic pathways. Global Environmental Change, 42, 331-345. doi:
https://doi.org/10.1016/j.gloenvcha.2016.10.002



https://doi.org/10.1016/j.gloenvcha.2016.12.007
https://doi.org/10.1016/j.eist.2019.03.005
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.1016/j.gloenvcha.2016.10.002

769
770

771
772
773
774

776

804
805

806
807
808
809

810

Pradhan, P., Costa, L., Rybski, D., Lucht, W., & Kropp, J. P. (2017). A Systematic Study of Sustainable Development
Goal (SDG) Interactions. Earth's Future, 5(11), 1169-1179. doi: 10.1002/2017EF000632

Randers, J., Rockstrom, J., Stoknes, P.-E., Goluke, U., Collste, D., Cornell, S. E., & Donges, J. (2019). Achieving the 17
Sustainable Development Goals within 9 planetary boundaries. Global Sustainability, 2, e24. doi:
10.1017/sus.2019.22

Riahi, K., Gribler, A., & Nakicenovic, N. (2007). Scenarios of long-term socio-economic and environmental development
under climate stabilization. Technological Forecasting and Social Change, 74(7), 887-935. doi:
https://doi.org/10.1016/j.techfore.2006.05.026

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori, S., . . . Tavoni, M. (2017). The Shared
Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview.
Global Environmental Change, 42, 153-168. doi: https://doi.org/10.1016/j.gloenvcha.2016.05.009

Rogelj, J., Popp, A., Calvin, K. V., Luderer, G., Emmerling, J., Gernaat, D., . . . Tavoni, M. (2018a). Scenarios towards
limiting global mean temperature increase below 1.5 C. Nature Climate Change, 8(4), 325-332.

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., . . . Kriegler, E. (2018b). Mitigation pathways
compatible with 1.5 C in the context of sustainable development. In: Global Warming of 1.5 °C an IPCC special
report on the impacts of global warming of 1.5 °C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of climate change.
Intergovernmental Panel on Climate Change (IPCC). Retrieved from https://www.ipcc.ch/report/sr15/

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., . . . Vilarifio, M. V. (2019). Mitigation pathways
compatible with 1.5 C in the context of sustainable development.: Intergovernmental Panel on Climate Change
(IPCC).

Rozenberg, J., Guivarch, C., Lempert, R., & Hallegatte, S. (2014). Building SSPs for climate policy analysis: a scenario
elicitation methodology to map the space of possible future challenges to mitigation and adaptation. Climatic
Change, 122(3), 509-522. doi: 10.1007/s10584-013-0904-3

Rydzak, F., Obersteiner, M., & Kraxner, F. (2010). Impact of global Earth observation systemic view across GEOSS
societal benefit area. Int. J. Spat. Data Infrastruct. Res.(5), 216-243.

Rydzak, F., Obersteiner, M., Kraxner, F., Fritz, S., & McCallum, 1. (2013). FeliX3 — Impact Assessment Model Systemic
view across Societal Benefit Areas beyond Global Earth Observation (Model Report and Technical
Documentation). International Institute for Applied Systems Analysis (IIASA). Laxenburg. Retrieved from
http://www.felixmodel.com/

Samir, K. C., & Lutz, W. (2017). The human core of the shared socioeconomic pathways: Population scenarios by age, sex
and level of education for all countries to 2100. Global Environmental Change, 42, 181-192.

Small, M. J., & Xian, S. (2018). A human-environmental network model for assessing coastal mitigation decisions
informed by imperfect climate studies. Global Environmental Change, 53, 137-145. doi:
https://doi.org/10.1016/j.gloenvcha.2018.09.006

Smith, P., Davis, S. J., Creutzig, F., Fuss, S., Minx, J., Gabrielle, B., . . . Yongsung, C. (2016). Biophysical and economic
limits to negative CO2 emissions. Nature Climate Change, 6(1), 42-50. doi: 10.1038/nclimate2870

Soergel, B., Kriegler, E., Weindl, 1., Rauner, S., Dirnaichner, A., Ruhe, C., . .. Popp, A. (2021). A sustainable development
pathway for climate action within the UN 2030 Agenda. Nature Climate Change, 11(8), 656-664. doi:
10.1038/s41558-021-01098-3

Sterman, J. (2000). Business dynamics: systems thinking and modeling for a complex world. USA: Irwin-McGraw-Hill.

Stirling, A. (2010). Keep it complex. Nature, 468(7327), 1029-1031.


https://doi.org/10.1016/j.techfore.2006.05.026
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://www.ipcc.ch/report/sr15/
http://www.felixmodel.com/
https://doi.org/10.1016/j.gloenvcha.2018.09.006

811
812
813

814
815

816
817

818
819
820

821
822
823

824
825
826

827
828
829
830
831
832
833
834
835
836
837
839
840
842
843
844
845

846
847

848
849

850

852
853

Szetey, K., Moallemi, E. A., Ashton, E., Butcher, M., Sprunt, B., & Bryan, B. A. (2021). Co-creating local socioeconomic
pathways for achieving the sustainable development goals. Sustainability Science. doi: 10.1007/s11625-021-
00921-2

Trutnevyte, E., Guivarch, C., Lempert, R., & Strachan, N. (2016). Reinvigorating the scenario technique to expand
uncertainty consideration. Climatic Change, 135(3), 373-379. doi: 10.1007/s10584-015-1585-x

TWI2050. (2018). The World in 2050: Transformations to achieve the Sustainable Development Goals. International
Institute for Applied Systems Analysis (IIASA). Laxenburg, Austria.

UN. (2015). Transforming our world: the 2030 Agenda for Sustainable Development. Resolution adopted by the General
Assembly on 25 September 2015. The United Nations (UN). Retrieved  from
https://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E

van Beek, L., Hajer, M., Pelzer, P., van Vuuren, D., & Cassen, C. (2020). Anticipating futures through models: the rise of
Integrated Assessment Modelling in the climate science-policy interface since 1970. Global Environmental
Change, 65, 102191. doi: https://doi.org/10.1016/j.gloenvcha.2020.102191

van Soest, H. L., van Vuuren, D. P., Hilaire, J., Minx, J. C., Harmsen, M. J. H. M., Krey, V., . . . Luderer, G. (2019).
Analysing interactions among Sustainable Development Goals with Integrated Assessment Models. Global
Transitions, 1, 210-225. doi: https://doi.org/10.1016/j.91t.2019.10.004

Van Vuuren, D. P., Bijl, D. L., Bogaart, P., Stehfest, E., Biemans, H., Dekker, S. C., . .. Harmsen, M. (2019). Integrated
scenarios to support analysis of the food—energy—water nexus. Nature sustainability, 2(12), 1132-1141. doi:
10.1038/s41893-019-0418-8

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., . . . Rose, S. K. (2011). The
representative concentration pathways: an overview. Climatic Change, 109(1), 5. doi: 10.1007/s10584-011-0148-
z

van Vuuren, D. P., Kok, M., Lucas, P. L., Prins, A. G., Alkemade, R., van den Berg, M., . . . Stehfest, E. (2015). Pathways
to achieve a set of ambitious global sustainability objectives by 2050: Explorations using the IMAGE integrated
assessment  model.  Technological Forecasting and Social Change, 98, 303-323. doi:
https://doi.org/10.1016/j.techfore.2015.03.005

van Vuuren, D. P., Kriegler, E., O’Neill, B. C., Ebi, K. L., Riahi, K., Carter, T. R., . . . Winkler, H. (2014). A new scenario
framework for Climate Change Research: scenario matrix architecture. Climatic Change, 122(3), 373-386. doi:
10.1007/s10584-013-0906-1

van Vuuren, D. P., Stehfest, E., Gernaat, D. E. H. J., Doelman, J. C., van den Berg, M., Harmsen, M., . . . Tabeau, A.
(2017). Energy, land-use and greenhouse gas emissions trajectories under a green growth paradigm. Global
Environmental Change, 42, 237-250.

Verburg, P. H., Dearing, J. A., Dyke, J. G., Leeuw, S. v. d., Seitzinger, S., Steffen, W., & Syvitski, J. (2016). Methods and
approaches to modelling the Anthropocene. Global Environmental Change, 39, 328-340. doi:
https://doi.org/10.1016/j.gloenvcha.2015.08.007

Walsh, B., Ciais, P., Janssens, I. A., Pefiuelas, J., Riahi, K., Rydzak, F., . .. Obersteiner, M. (2017). Pathways for balancing
CO2 emissions and sinks. Nature Communications, 8(1), 14856. doi: 10.1038/ncomms14856

Wiedmann, T. (2009). A review of recent multi-region input—output models used for consumption-based emission and
resource accounting. Ecological Economics, 69(2), 211-222. doi: https://doi.org/10.1016/j.ecolecon.2009.08.026

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., . .. Murray, C. J. L. (2019). Food in the
Anthropocene: the EAT-Lancet Commission on healthy diets from sustainable food systems. The Lancet,
393(10170), 447-492. doi: 10.1016/S0140-6736(18)31788-4


https://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E
https://doi.org/10.1016/j.gloenvcha.2020.102191
https://doi.org/10.1016/j.glt.2019.10.004
https://doi.org/10.1016/j.techfore.2015.03.005
https://doi.org/10.1016/j.gloenvcha.2015.08.007
https://doi.org/10.1016/j.ecolecon.2009.08.026

