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S U M M A R Y

Without large scale emission reductions, atmospheric warming is expected to rise towards 2 - 5 °C
at the end of this century [Masson-Delmotte et al., 2018]. Atmospheric warming of 2 °C and beyond
will significantly negatively impact all life on earth, both on current and future generations. Economic
inequalities are an indicator of exposure to environmental hazards. Therefore population groups at
the lower end of the income hierarchy are more vulnerable to the changing climate [Hallegatte and
Rozenberg, 2017].

Integrated Assessment Models (IAMs) are used to map the changing climate’s impact on the econ-
omy. But these models have a limited ability to represent the impact on today’s and future vulnerable
people [Dennig et al., 2015]. Many influential IAMs use highly aggregated outcomes masking sig-
nificant relative differences in economic effects across heterogeneous populations and time. This has
resulted in that insufficient attention has been placed on the people’s position at the bottom of the
income hierarchy within current abatement strategies. Furthermore, current IAMs lack a thorough
analysis of climate uncertainties to generate robust abatement strategies. Therefore many IAM studies
undervalue the need for more stringent CO2 abatement policies to prevent significant climate impacts
on low-income countries and their future generations.

In previous literature, alternative distributive principles have been proposed for IAM optimization
to overcome the inequities that arise due to the Utilitarian principle. However, no overarching and
comparative study of the performance of various distributive principles under the effect of deep uncer-
tainty has been carried out in previous research. Therefore the following main research question has
been formulated for this thesis:

MAIN RESEARCH QUESTION

What is the effect of applying alternative distributive principles to the RICE model on global
CO2 abatement pathways under deep uncertainty?

This research has provided an overview of applying four of the most known distributive principles
used by the IAM community; the Prioritarian, Egalitarian, Sufficitarian, and Utilitarian principle to the
RICE model. The RICE model has been transformed into the stochastic simulation model PyRICE. The
RICE model has been extended with a disaggregated income distribution within regions and climate
uncertainties. The performance of alternative principles has been analyzed through the execution of
the MORDM method. Using a Many Objective Evolutionary Algorithm, alternative abatement strate-
gies have been generated. Generated strategies show big differences in abatement trajectories if more
emphasis would be placed on the position of the worst-off (Prioritarian), minimizing climate extremes
(Sufficitarian) and focusing on an equal distribution of climate impact and consumption (Egalitarian).
Sufficitarian strategies have the most stringent abatement targets focusing on reaching net-zero emis-
sions around 2065. Prioritarian strategies focus on reaching zero-emission in the range of 2055-2105.
Egalitarian policies enforce slow climate abatement to decrease inequality. Utilitarian strategies focus
on reaching net-zero emissions around 2135.

The uncertainty analysis results, based on the Shared Socioeconomic Pathways, have shown that the
Nordhaus policy and Utilitarian policies have high exposure to climate change extremes in many sce-
narios. Furthermore, Utilitarian policies contribute to a widening of economic inequalities. Under the
Nordhaus policy, the re-introduction of poverty levels present similar to the 20th-century is possible.
Contrary to this, the Prioritarian and especially the Sufficitarian strategies have a good performance
against extreme climate change. Furthermore, these principles deliver similar or higher average per-
formance compared to Utilitarian policies. This means that income decline is prevented within these



strategies. Sufficitarian policies focus on preventing climate extremes, whereas Prioritarian policies
perform better across optimistic economic scenarios. Thus, there is a trade-off between preventing the
worst-cases of climate impact or allowing more economic growth for the worst-off. Most Egalitarian
policies perform worse than Utilitarian policies. Because they are not economically optimal and lead
to unacceptable risk to climate change.

The Sufficitarian principle is an example of a partly utilitarian-based principle with correction at
the bottom of the income distribution. Therefore economic optimality is still an essential factor in ob-
taining effective abatement strategies. This means that the Utilitarian principle is not to be abandoned
entirely within IAMs. Instead, three recommendations have been made to improve Integrated Assess-
ment Models’ future usage for the generation of emission abatement strategies. Together, these three
reparations have the potential to overcome the problems of inequity arising within the utilitarian-led
IAM. Furthermore, the results have shown that more robust pathways can be obtained.

• Make use of a variety of Sufficitarian and Prioritarian objectives within IAMs to correct the
utilitarian principle at the bottom of the income distribution

• Expand the usage of IAMs towards evaluating the equity of emission abatement trajectories

• Utilize a wide variety of scenarios to choose robust and effective abatement strategies

If policymakers focused on Prioritarian and Sufficitarian goals, abatement strategies should aim
to reach net zero-emission in 2055 - 2085. To achieve these targets, current pledges within the Paris
Agreement are not sufficient. Therefore more extensive emission reduction pledges are needed, which
should be implemented in the coming 10 years. This is because negative emission techniques have a
limited capacity to prevent the impact of CO2 overshoots. Once sea level rise is triggered, it will have
a continued impact on lower-laying low-income regions. Therefore, more should be done to adhere to
the emission pathway of a global warming of 1.5 set out by the IPCC. This pathway is consistent with
the most robust Sufficitarian and Prioritarian pathways found in this research.

The results have also shown that considerable climate impact is still a significant possibility even in
the most robust policies. This indicates that only immediate emission reductions will not be enough
to reach an equitable global climate strategy in all scenarios. The model results have shown that if
policymakers succeed in strengthening the worst-off’s resilience, this can prevent many of the worst-
case outcomes. To protect the vulnerable, extra focus should be on reducing economic inequalities and
improve the economic resilience at the bottom of the income hierarchy in all regions. The task at hand
is broader than just the rich regions that have to support the low-income regions. Even in high-income
countries, climate hazards such as hurricanes events magnify existing economic inequalities [Chancel,
2020].

To support the transition in low-income regions, the developed world needs to recognize its place in
the global climate regime. The financial transfers called for by the IPCC are needed to reduce existing
economic inequalities between and within regions [Masson-Delmotte et al., 2018]. With faster emission
abatement in place and reduced economic inequalities, through international redistribution and equi-
table growth within nations, the world’s starting position to withstand incoming climate impact will
be significantly improved.



C O N T E N T S

i setting the stage
1 introduction 3

1.1 Integrated Assessment Models for climate policy . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Critics on IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Improving the usage of IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Research aim and outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 background and context 6

2.1 Goals of IAMs for policy making . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Selection of Integrated Assessment Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Distributive justice and IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Normative assumption within IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4.1 Issues regarding intergenerational justice . . . . . . . . . . . . . . . . . . . . . . . 8

2.4.2 Issues regarding intragenerational justice . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4.3 Alternative distributive principles within IAMs . . . . . . . . . . . . . . . . . . . . 9

2.5 Knowledge gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 research definition 11

ii methods
4 selection of distributive principles 16

4.1 Distributive justice and the Welfarist approach . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1.1 Utilitarism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1.2 Prioritarism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.3 Sufficitarianism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.1.4 Egalitarianism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 Spatial and temporal application to IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2.1 Utilitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2.2 Prioritarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2.3 Sufficitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2.4 Egalitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.3 Overview and selection of principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 the rice model 23

5.1 Main assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.2 Relationships in the RICE model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.2.1 Economic sub-model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.2.2 Carbon sub-model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.2.3 Climate sub-model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6 the pyrice model 27

6.1 Model implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.1.1 Savings rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6.1.2 Emission control rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.1.3 Disaggregated regional consumption . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.2 Verification of inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6.3 Verification of outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6.4 RICE uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

6.4.1 Climate uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

6.4.2 Socio-economic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

7 pyrice simulation model 37

7.1 Implementation of distributive principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

7.1.1 Prioritarian objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

7.1.2 Sufficitarian objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38



7.1.3 Egalitarian objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

7.1.4 Utilitarian objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

7.2 Exploratory modeling setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

7.2.1 External factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

7.2.2 Policy levers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.2.3 Model outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.2.4 Model relationships . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

8 exploratory methods 43

8.1 Directed search: NSGAII & ε-NSGAII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

8.2 Uncertainty Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

8.2.1 Features scoring algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

8.2.2 Choice of robustness metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

8.3 Scenario Discovery methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

8.3.1 Clustering methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

8.3.2 Time series clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

iii simulation results
9 generation of alternative trajectories 49

9.1 Directed policy search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

9.1.1 Alternative Utilitarian policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

9.1.2 Alternative Prioritarian policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

9.1.3 Alternative Sufficitarian policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

9.1.4 Alternative Egalitarian policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

9.2 Summary generated strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

9.2.1 Reference scenario outcomes of Nordhaus policy . . . . . . . . . . . . . . . . . . . 53

9.2.2 Reference scenario outcomes alternative policies . . . . . . . . . . . . . . . . . . . . 53

10 vulnerability analysis 54

10.1 Uncertainty analysis approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

10.1.1 Short term uncertainty analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

10.1.2 Long term uncertainty analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

10.2 Short term vulnerabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

10.2.1 Influence of the economic scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

10.2.2 Influence of the distributive principles . . . . . . . . . . . . . . . . . . . . . . . . . 57

10.2.3 Relation to the elasticity of damages . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

10.2.4 Short term strategy robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

10.3 Influence of short term uncertainty inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

10.4 Long term vulnerability analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

10.4.1 Vulnerability of long term outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

10.4.2 Long term strategy robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

10.5 Summary short & long term uncertainty analysis . . . . . . . . . . . . . . . . . . . . . . . 64

11 scenario discovery 65

11.1 Worst case discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

11.1.1 Composition of worst-case climate uncertainties . . . . . . . . . . . . . . . . . . . . 65

11.1.2 Composition of worst-case socioeconomic uncertainties . . . . . . . . . . . . . . . 66

11.1.3 Worst-case outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

11.2 Time series clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

11.2.1 Alternative emission pathways under the SSP scenarios . . . . . . . . . . . . . . . 68

11.2.2 Atmospheric warming and relative climate impact for the worst-off . . . . . . . . 69

11.2.3 Atmospheric warming and global climate impact . . . . . . . . . . . . . . . . . . . 70

11.2.4 Effect distributive principle on global economic output . . . . . . . . . . . . . . . . 70

11.2.5 Protection of the consumption level of the worst-off . . . . . . . . . . . . . . . . . . 71

11.3 Intergenerational trade-offs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

11.3.1 Trade-offs within the Prioritarian principle . . . . . . . . . . . . . . . . . . . . . . . 72

11.3.2 Trade-offs within the Egalitarian principle . . . . . . . . . . . . . . . . . . . . . . . 73

11.4 Summary of Scenario Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74



iv ethical reflection
12 research limitations 76

12.1 Model limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

12.2 Generation of alternative strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

12.3 Limitations of the outcome analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

13 implications for integrated assessment models 79

13.1 Distributive principles and robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

13.2 Discussion of alternative principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

13.2.1 Prioritarian & Sufficitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

13.2.2 Egalitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

13.2.3 Utilitarian principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

13.3 Normative assessment of principles’ equitability . . . . . . . . . . . . . . . . . . . . . . . . 82

13.4 Repairing the Utilitarian based IAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

13.4.1 Adoption of multiple alternative distributive objectives . . . . . . . . . . . . . . . . 83

13.4.2 Expanding the usage of IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

13.4.3 Adoption of robust analysis in IAMs . . . . . . . . . . . . . . . . . . . . . . . . . . 85

14 implications for policy 86

14.1 Comparison global abatement pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

14.2 Supplementary equitable strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

15 conclusion 90

15.1 Main research question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

15.1.1 Model based implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

15.1.2 Policy based implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

15.2 Scientific implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

15.3 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

v appendices
a outcomes base case 103

b model inputs 104

c outcomes reference scenario 109

d summary chosen example strategies 110

e outcomes over reference scenario 111

f short term uncertainty: outcomes 114

g short term uncertainty: robustness heat maps 116

h long term uncertainty analysis: outcomes 117

i long term uncertainty analysis: robustness heat maps 122

j worst case analysis 123

k scenario discovery 126

l intergenerational tradeoffs 136



L I S T O F F I G U R E S

Figure 4.1 Concave Prioritarian transformation function, derived from Adler [2019] . . . . . 17

Figure 4.2 Parameter values for Ramsey formula in literature . . . . . . . . . . . . . . . . . . 19

Figure 4.3 Overview of literature review of distributive principles for IAMs . . . . . . . . . 22

Figure 6.1 Consumption per capita lowest highest income quintile US & Africa . . . . . . . 29

Figure 6.2 Comparison of the savings rate in RICE2010 & PyRICE . . . . . . . . . . . . . . . 30

Figure 6.3 Comparison of emission control rate in RICE2010 & PyRICE . . . . . . . . . . . . 30

Figure 6.4 Comparison of output of PyRICE deterministic and RICE2010 . . . . . . . . . . . 31

Figure 6.5 Comparison of output PyRICE simulation model and RICE2010 . . . . . . . . . . 32

Figure 6.6 Shared Socioeconomic Pathway matrix, derived from Riahi et al. [2017] . . . . . 34

Figure 6.7 Implementation of the SPPs as uncertainties in PyRICE . . . . . . . . . . . . . . . 36

Figure 7.1 Implementation of chosen distributive principles . . . . . . . . . . . . . . . . . . . 37

Figure 7.2 Overview of the XLRM framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 7.3 Deep uncertainties in PyRICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 7.4 Overview of policy space in PyRICE . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 7.5 Overview of objective function per principle PyRICE . . . . . . . . . . . . . . . . 42

Figure 8.1 Single reference scenario MORDM method . . . . . . . . . . . . . . . . . . . . . . 43

Figure 9.1 Epsilon progress four optimization problems . . . . . . . . . . . . . . . . . . . . . 50

Figure 9.2 Generated Utilitarian strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Figure 9.3 Generated Prioritarian strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Figure 9.4 Generated Sufficitarian strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Figure 9.5 Generated Egalitarian strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Figure 9.6 Abatement rate development of each example strategy . . . . . . . . . . . . . . . 52

Figure 10.1 Overview of short term uncertainty space, based on Riahi et al. [2017] . . . . . . 54

Figure 10.2 Overview of the long term uncertainty space, based on Lingeswaran [2019] . . . 55

Figure 10.3 Distribution of period Utility economic scenario & principle . . . . . . . . . . . . 56

Figure 10.4 Distribution of spatial Egalitarian utility objectives . . . . . . . . . . . . . . . . . . 56

Figure 10.5 Distribution of population under threshold . . . . . . . . . . . . . . . . . . . . . . 57

Figure 10.6 Distribution of spatial impact inequality in 2105 . . . . . . . . . . . . . . . . . . . 57

Figure 10.7 Principle and scenario distribution of relative climate impact . . . . . . . . . . . 58

Figure 10.8 Distribution of relative climate impact for the lowest 20% . . . . . . . . . . . . . . 58

Figure 10.9 Distribution of economic position of the worst-off . . . . . . . . . . . . . . . . . . 59

Figure 10.10 Robustness score short terms uncertainty comparison . . . . . . . . . . . . . . . . 60

Figure 10.11 Feature score of input parameters short term uncertainty outcomes . . . . . . . . 61

Figure 10.12 Long term uncertainty outcomes Prioritarian objectives . . . . . . . . . . . . . . . 62

Figure 10.13 Robustness score short terms uncertainty comparison . . . . . . . . . . . . . . . . 63

Figure 10.14 Characteristics most robust strategy per principle . . . . . . . . . . . . . . . . . . 64

Figure 11.1 Composition of climate input uncertainties for worst-cases . . . . . . . . . . . . . 65

Figure 11.2 Composition of socio-economic uncertainties for worst-cases . . . . . . . . . . . . 66

Figure 11.3 Composition of Prioritarian and Sufficitarian worst-case outcomes . . . . . . . . 67

Figure 11.4 Emission pathway per principle, atmospheric heating outcome and economic
scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Figure 11.5 Sufficitarian and Nordhaus strategy relative climate impact clustering . . . . . . 69

Figure 11.6 Sufficitarian and Nordhaus strategy global damages clustering . . . . . . . . . . 70

Figure 11.7 Sufficitarian and Nordhaus strategy global output clustering . . . . . . . . . . . . 70

Figure 11.8 Prioritarian and Nordhaus strategy worst-off consumption clustering . . . . . . 71

Figure 11.9 Intergenerational trade-offs worst-off consumption . . . . . . . . . . . . . . . . . 72

Figure 11.10 Trade-offs spatial inequality in consumption, low inequality 2305 . . . . . . . . . 73

Figure 11.11 Trade-offs spatial inequality in consumption, high inequality 2305 . . . . . . . . 73

Figure 14.1 Principle pathways international pathways (data source: Climate Action Tracker) 87

Figure A.1 Overview of Nordhaus policy under reference scenario on all objectives . . . . . 103



Figure B.1 SSP to RICE country mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Figure B.2 SSP regional GDP development per SSP scenario (6/12 regions) . . . . . . . . . . 105

Figure B.3 SSP regional GDP development per SSP scenario (12/12 regions) . . . . . . . . . 105

Figure B.4 SSP regional population development per SSP scenario (6/12 regions) . . . . . . 106

Figure B.5 SSP regional population development per SSP scenario (12/12 regions) . . . . . 106

Figure B.6 Income shares per country based on The World Bank [2020] . . . . . . . . . . . . 107

Figure B.7 Income shares summary RICE regions . . . . . . . . . . . . . . . . . . . . . . . . . 108

Figure C.1 Outcomes reference scenario overview . . . . . . . . . . . . . . . . . . . . . . . . . 109

Figure D.1 Overview of characteristics Utilitarian policies . . . . . . . . . . . . . . . . . . . . 110

Figure D.2 Overview of characteristics Prioritarian policies . . . . . . . . . . . . . . . . . . . 110

Figure D.3 Overview of characteristics Sufficitarian policies . . . . . . . . . . . . . . . . . . . 110

Figure D.4 Overview of characteristics Egalitarian policies . . . . . . . . . . . . . . . . . . . . 110

Figure E.1 Development of Prioritarian objectives under Nordhaus scenario . . . . . . . . . 111

Figure E.2 Development of Sufficitarian objectives under Nordhaus scenario . . . . . . . . . 112

Figure E.3 Development of Egalitarian objectives under Nordhaus scenario . . . . . . . . . 112

Figure E.4 Development of Utilitarian objectives under Nordhaus scenario . . . . . . . . . . 113

Figure F.1 Influence of threshold level on population below threshold . . . . . . . . . . . . . 114

Figure F.2 Distribution of population under and distance to threshold . . . . . . . . . . . . 114

Figure F.3 Influence of elasticity of damages on relative climate impact . . . . . . . . . . . . 115

Figure F.4 Influence of economic scenario on relative climate impact . . . . . . . . . . . . . 115

Figure F.5 Influence of damage function on relative climate impact . . . . . . . . . . . . . . 115

Figure F.6 Influence of climate sensitivity distribution on worst-off income . . . . . . . . . . 115

Figure G.1 Heat map signal to noise ratio short term uncertainty analysis . . . . . . . . . . . 116

Figure G.2 Heat map maximum regret short term uncertainty analysis . . . . . . . . . . . . 116

Figure H.1 Long term uncertainty outcomes Utilitarian objectives . . . . . . . . . . . . . . . 117

Figure H.2 Long term uncertainty outcomes Sufficitarian objectives . . . . . . . . . . . . . . 118

Figure H.3 Long term uncertainty outcomes Egalitarian objectives . . . . . . . . . . . . . . . 119

Figure H.4 Influence of damage function on aggregated Utility . . . . . . . . . . . . . . . . . 120

Figure H.5 Influence of backstop price on total output . . . . . . . . . . . . . . . . . . . . . . 120

Figure H.6 Influence of temperature distribution on Utility . . . . . . . . . . . . . . . . . . . 120

Figure H.7 Influence of negative emission on total output . . . . . . . . . . . . . . . . . . . . 120

Figure H.8 Influence of damage function on relative climate impact . . . . . . . . . . . . . . 121

Figure H.9 Influence of damage function on relative climate impact . . . . . . . . . . . . . . 121

Figure I.1 Heat map maximum regret long term uncertainty analysis . . . . . . . . . . . . . 122

Figure I.2 Heat map signal to noise ratio long term uncertainty analysis . . . . . . . . . . . 122

Figure J.1 Overview worst-case input climate uncertainties . . . . . . . . . . . . . . . . . . . 123

Figure J.2 Overview worst-case input socio-economic uncertainties . . . . . . . . . . . . . . 124

Figure J.3 Overview worst-case outcomes Utilitarian principle . . . . . . . . . . . . . . . . . 124

Figure J.4 Overview worst-case outcomes Egalitarian principle . . . . . . . . . . . . . . . . . 125

Figure J.5 Overview worst-case outcomes worst-off income and negative emissions . . . . 125

Figure K.1 Silhouette scores of Sufficitarian clusters for four objectives . . . . . . . . . . . . 126

Figure K.2 Frequency table figure 11.4 emission pathways across scenarios . . . . . . . . . . 126

Figure K.3 Overview of temperature development most robust policy per economic scenario 127

Figure K.4 Average temperature and emission pathway for most robust strategies . . . . . . 127

Figure K.5 Overview of outcomes agglomerative clustering Sufficitarian policy 30 . . . . . . 128

Figure K.6 Overview of outcomes agglomerative clustering Prioritarian policy 19 . . . . . . 129

Figure K.7 Overview of outcomes agglomerative clustering Nordhaus policy . . . . . . . . . 130

Figure K.8 Sufficitarian p36 and Nordhaus policy temperature pathways . . . . . . . . . . . 131

Figure K.9 Sufficitarian p36 and Nordhaus policy emission pathways . . . . . . . . . . . . . 131

Figure K.10 Sufficitarian p36 and Nordhaus policy population under threshold pathways . . 132

Figure K.11 Prioritarian p19 and Nordhaus policy temperature pathways . . . . . . . . . . . 132

Figure K.12 Prioritarian p19 and Nordhaus policy emission pathways . . . . . . . . . . . . . 133

Figure K.13 Prioritarian p19 and Nordhaus policy population below treshold . . . . . . . . . 133

Figure K.14 Egalitarian p14 and p42 atmospheric warming development . . . . . . . . . . . . 134

Figure K.15 Egalitarian p14 and p42 impact GINI global damages . . . . . . . . . . . . . . . . 134



LIST OF FIGURES 1

Figure K.16 Egalitarian p14 and p42 impact GINI . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Figure K.17 Egalitarian p14 and p42 consumption GINI . . . . . . . . . . . . . . . . . . . . . . 135

Figure L.1 Short term tradeoffs worst-off income class under Prioritarian policy 19 . . . . . 136

Figure L.2 Long term tradeoffs worst-off income class under Prioritarian policy 19 . . . . . 136

Figure L.3 Short term tradeoffs relative climate impact under Prioritarian policy 19 . . . . . 136

Figure L.4 Long term tradeoffs relative climate impact under Prioritarian policy 19 . . . . . 136

Figure L.5 Long term tradeoffs spatial consumption inequality Egalitarian policy 14 and 42 137

Figure L.6 Long term tradeoffs spatial impact inequality Egalitarian policy 14 and 42 . . . . 137



I

S E T T I N G T H E S TA G E



1 I N T R O D U C T I O N

The current level of global warming has increased to around 1.0 °C. Without large scale emission
reductions, atmospheric warming is expected to rise towards 2 - 5 °C at the end of this century
[Masson-Delmotte et al., 2018]. As expressed by the IPCC in a global warming of 1.5 °C, atmo-
spheric warming of 2 °C and beyond will result in a significant negative impact on all life on
earth both on current and future generations.

Some effects of atmospheric warming will be felt in the near term, such as the intensifying
of heatwaves and droughts [Masson-Delmotte et al., 2018]. There is consensus that the global
South, consisting of the bulk of the low-income countries, will be hit hardest by the impacts of
the changing climate [Edenhofer, 2015; Mendelsohn et al., 2006; Dennig et al., 2015]. Extreme
weather events will become more intense and frequent as global warming evolves. Especially
when droughts, floods, and heatwaves will occur in series, these weather extremes can push
exposed populations further into poverty [Masson-Delmotte et al., 2018]. This injustice is ampli-
fied because 10% of today’s wealthiest people cause more than 50% of current emissions [Gore,
2015]. Not only have high-income countries historically contributed most to climate change, they
also possess most of the resources to mitigate and adapt to the changing climate. While poverty
levels have been declining rapidly in the last 50 years, climate change has the potential to reverse
these developments [Chancel, 2020; Masson-Delmotte et al., 2018]. To overcome these inequities,
burden sharing principles have been proposed within climate negotiations [Dellink et al., 2008].
However, up to now, little has been done in current climate policies to implement redistributive
policies on a significant scale [Okereke and Coventry, 2016].

The lack of emphasis on the low-income regions within the current climate policy regime is
also reflected in how climate impacts are calculated in climate impact models. Models used to
estimate the effect of the changing climate often have a limited ability to represent the impact on
today’s and future vulnerable people [Rao et al., 2017]. Integrated Assessment Models (IAMs)
are used to map the impact of the changing climate on the economy [Weyant, 2017]. Many in-
fluential IAMs have aggregated outcomes masking significant relative differences in economic
effects across heterogeneous populations and time [Aldy and Stavins, 2020; Dennig et al., 2015].

Some climate impacts, such as sea-level rise, will have a delayed effect. Until 2100, global
sea-level rise will likely be limited to 0.1-0.7 meter. These effects can already be hazardous for
lower laying nations such as the small island states [Wong, 2011]. But these effects seem marginal
with the possible impacts of sea-level rise beyond 2100, where a sea-level rise of 1 to 5.5 meters
is imaginable [Jevrejeva et al., 2012]. Furthermore, sea-level rise will potentially continue even
when atmospheric warming is reduced [Masson-Delmotte et al., 2018]. Therefore, sea-level rise
is an example of the unequal intergenerational distributed impacts of climate change [Kowarsch,
2016].

In all, this raises the question of how we, as the current global community, should mitigate
our CO2 emissions. Should the world reduce emissions as fast as possible, thereby giving up
a significant part of our welfare to improve future generations’ welfare? Or should the world
follow a more moderate approach by mitigating at a slower pace preserving our welfare level
but possibly risking extreme climate impacts for current and future generations? What to say
that those who pay for climate action are mostly living in affluent countries. In contrast, the ben-
eficiaries of climate actions are primarily people located in less well-off regions and generations
who are not born yet?
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1.1 integrated assessment models for climate policy
IAMs are used to estimate ’optimal’ emission abatement pathways calibrated against more de-
tailed climate change projections. Damage functions are used which model the estimated impact
on the economic system [Frisch, 2013] relative to a certain level of warming. Within IAM analysis,
’optimal’ abatement policies balance out the marginal damages per ton CO2 against the marginal
cost of CO2 abatement policies. Climate policies are said to be ’optimal’ when they maximize
aggregated welfare by minimizing climate mitigation costs plus the damages resulting from the
remaining climate change [Weyant, 2017]. Complex IAMs such as the IMAGE model are used
to evaluate global emission abatement strategies’ effectiveness within international climate gov-
ernance. ’Simple’ IAMs, such as the DICE model, have been used by the Obama administration
to determine the internalized social cost of carbon [Aldy and Stavins, 2020]. This formed one of
the inputs to draft CO2 tax policies in the United States. In general, IAMs form a vital part of
the scientific knowledge base used within international climate governance [Kowarsch, 2016].

1.2 critics on iams
Although their prominent place in climate governance, IAM’s position within climate science
is far from undisputed. Firstly, Kowarsch [2016]; Beck and Krueger [2016]; Jafino et al. [2020]
have pointed out that IAMs hold strong normative assumptions within their model structure.
Many of the problems in IAMs arise from the dominant use of the Utilitarian perspective. The
Utilitarian principle aims at the maximization of aggregated welfare. The Utilitarian perspective
is indifferent to the shape of the welfare distribution across time and space [Adler, 2019; Jafino
et al., 2020]. High levels of inequality are still reflected in the distribution of consumption per
capita across and within nations [Chancel, 2020]. The dominant Utilitarian perspective implies
that these unequal distributions are not only accepted but also widened. Dennig et al. [2015]
has shown that the welfare of the lowest income groups in the global South could eventually
decline under the optimal Nordhaus pathway. This is the same policy that has been used by
the Obama government to determine the ’optimal’ social cost of carbon [Aldy and Stavins, 2020].
Thus ’optimal’ Utilitarian climate policies possibly worsen the position of low-income countries
by undervaluing the need for more stringent emission abatement pathways [Dennig et al., 2015].

Besides the issues with normative assumptions in IAMs, climate models are sensitive to
model assumptions on the development of atmospheric warming and the resulting effect on
the economy. Critics argue that there is little knowledge of the earth’s climate sensitivity to
higher GHG levels [Stanton et al., 2009; Beck and Krueger, 2016]. Furthermore, there is little
knowledge of the level of damages that will occur because of a certain level of induced warming
[Weyant, 2017; Weitzman, 2009; Frisch, 2013]. Many IAMs only use one scenario to base their
recommendations, which exposes their results to uncertainty [Stanton et al., 2009]. Secondly,
Keen [2020]; Storm [2017] point out that IAMs severely underestimate climate change impacts.
Because in IAMs limited emphasis is placed on future generations’ welfare due to the chosen
discount rates. This practice provides a false sense of security towards economists, which in turn
advocate for slow climate action. Therefore, estimates for the social cost of carbon vary widely
between models [Weyant, 2017]. Thus, questions have been raised around IAMs regarding their
usability to generate effective and robust climate policies [Beck and Krueger, 2016].

1.3 improving the usage of iams
Although Integrated Assessment Models face numerous problematic issues, they represent a sig-
nificant part of the limited toolkit to evaluate climate change policies in a systematic way [Frisch,
2013; Beck and Krueger, 2016]. To overcome the inequities arising from using the Utilitarian dis-
tribution in models, IAMs should account for the population heterogeneity. This enables IAMs
to properly represent the risks faced by vulnerable populations [Rao et al., 2017]. This implicates
increasing the model resolution and broadening the aggregated utility perspective. Novel meth-
ods within IAM studies such as many objective exploratory algorithms could show trade-offs
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between policy objectives from different distributive objectives [Ciullo et al., 2020]. Furthermore,
IAMs could be used in a less static way to obtain more robust climate pathways [Frisch, 2013].
Lingeswaran [2019]; Lamontagne et al. [2019] have shown that IAMs can be used for policy
and scenario discovery to account for deep uncertainties present within climate change. Their
research reveals insights that offer policymakers more than just one ’optimal’ CO2 trajectory
[Lamontagne et al., 2018].

1.4 research aim and outline
The previous paragraphs have indicated that IAMs face numerous challenges, such as the in-
equities arising from the Utilitarian perspective and the exposure to uncertainties. This thesis
will explore novel methods to overcome both of these challenges. By using alternative distribu-
tive principles and robust decision making approaches in IAMs, more effective, robust, and equi-
table abatement strategies can be generated. This thesis aims to give a broad overview of which
alternative distributive principles can be applied and what is their usability and performance for
the generation of abatement pathways. This information can then be used by policymakers to
reflect on current emission abatement pathways’ distributive effects. Furthermore, it can show
policymakers what they can do to make emission abatement pathways more equitable and ro-
bust.

This thesis is structured as follows, in chapters 2 and 3, the research gap and the research
method are defined, including the main research question. This thesis is then structured in
three parts: Methods, Simulation results and Ethical reflection. In Methods, alternative distributive
principles are chosen to be implemented in the RICE model via a literature review. The model
structure, extra model components, and the implementations of the alternative principles into
PyRICE are highlighted in chapters 5, 6 & 7. Chapter 8 introduces the simulation methods used
in this research. Simulation results entails generating alternative abatement strategies by using
alternative principles in chapter 9. Generated strategies are stress-tested by applying them to an
uncertainty analysis (chapter 10). Model outcomes of interest are identified by applying scenario
discovery techniques in chapter 11. In Ethical reflection, a reflection on the model outcomes is
performed. Chapter 12 sets out the limitations of this research. Next, the implications for Inte-
grated Assessment Models (chapter 13) and implications for policymakers (chapter 14) will be
highlighted. Chapter 15 consists of the conclusion, which includes answering the main research
question.
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2 B A C KG R O U N D A N D C O N T E X T

This chapter entails the literature study that will identify the research gap. Section 2.1 states
the usage of IAMs within global climate governance. Section 2.2 highlights the choice of the
RICE model as example IAM in this research. Section 2.3 introduces concepts of distributive
justice present within Integrated Assessment Models. Section 2.4 examines relevant issues within
IAM-modelling related to spatial (section 2.4.1) and temporal distributive justice (section 2.4.2)
while section 2.4.3 reviews literature that apply alternative distributive principles and robust
approaches to IAMs. Section 2.5 entails the identified literature gap.

2.1 goals of iams for policy making
More than 20 IAMs exist within the climate change research [Beck and Krueger, 2016]. There
are three main goals within IAM-analysis, namely policy optimization, policy evaluation, and
policy guidance [Füssel, 2010]. Integrated assessment models differ in model resolution, e.g. the
level of detail of the model outputs. This is related to the underlying model goal as policy opti-
mization models require a low resolution for optimization purposes, whereas policy evaluation
models offer high-resolution spatial outputs [Frisch, 2013]. Furthermore, models differ in how
they treat uncertainty. Deterministic models use best-guess values for model parameters [Beck
and Krueger, 2016] while stochastic models use probability distributions for uncertain parame-
ters. Models with the most thorough adoption of uncertainty make use of multiple distributions
to sample uncertainty inputs [Lingeswaran, 2019; Lamontagne et al., 2019]. This is known as
the exploratory modelling approach [Walker et al., 2013]. Although this practice is underused
within IAM modelling [Frisch, 2013; Weaver et al., 2013].

Within IAMs, a division can be made between ’simple’ and ’complex’ IAMs. The division is
made regarding model complexity, e.g. the relative amount of model inputs and model parame-
ters that are used within the model [Frisch, 2013]. Often complex IAMs use extensive sub-models
to represent sub-systems, such as a climate model. Whereas simple IAMs only use a few param-
eters to represent similar sub-systems. Complex IAMs, like the IMAGE model developed by
PBL, offer a significantly higher resolution of outputs such as local geospatial climate impacts
[Stehfest et al., 2014]. Simple IAMs, like the DICE/RICE model, only offer aggregated outcomes
for the whole world (DICE) or continental sub-regions (RICE) [Nordhaus, 2014].

The Intergovernmental Panel on Climate Change (IPCC) uses complex IAMs to evaluate the
world’s future state under climate change. Within the IPCC special report on ’Global warming
of 1.5 ◦C’, CO2 abatement pathways of multiple global and regionally aggregated IAMs are
summarized and statistically analysed. The ensemble of predictions is used to draft confident
estimates for policy alternatives. For this purpose, the IPCC uses ’complex’ IAM models such as
the IMAGE model, the GCAM, and the REMIND model [Masson-Delmotte et al., 2018].

2.2 selection of integrated assessment model
A significant advantage of using a simple IAMs like the DICE/RICE model over complex IAMs
is its short run time. This enables exploratory approaches where many different parameters are
sampled as input for the model across many separate runs. Although the perceived ’predictive
power’ of DICE/RICE is limited compared to the complex models [Masson-Delmotte et al., 2018],
many of the simple and complex models use the same structural elements such as discounting
and utility functions to estimate optimal climate pathways [Beck and Krueger, 2016]. Therefore,
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using a ’simple’ IAM as an example model in this thesis can still reveal the performance of
alternative distributive principles. Similar model components could then be adopted in more
detailed complex climate models.

Compared to other simple IAMs, extensive research on the DICE/RICE model and possible
alternative applications exist. Compared to the DICE model, the RICE model offers regional
disaggregated outputs, which enables analysis of the distribution of welfare across space. Due
to the limited model complexity, the regional aggregated outcomes to assess distributive con-
sequences of climate policies and the low computational burden and the wide usage of the
RICE/DICE model in the IAM literature, the RICE model will be taken as example IAM for this
thesis.

2.3 distributive justice and iams
Within ethics, distributive justice focuses on the socially just allocation of resources [Lamont
and Favor, 2017]. Distributive justice lies at the core of IAM studies as IAMs try to estimate an
optimal distribution of climate benefits and burdens over time [Fleurbaey et al., 2019]. Within
distributive justice, three essential questions are relevant when assessing the fairness of burdens
and benefits [Jafino et al., 2020]:

1. What metric is being distributed e.g. the unit of justice, for example, the total economic
damages as a result of climate change

2. Over which entities should the selected unit be distributed, e.g. the scope of distribution, for
example, the whole world or specific groups of entities within regions

3. Who should receive which quantity of what is being distributed, e.g. climate benefits over
time, referred to as the shape of distribution

Regarding the unit of justice, most IAMs estimate climate trajectories by balancing climate
impacts and the investment burdens caused by mitigating CO2 emissions [Kowarsch, 2016]. This
approach is embedded in consequentialism, which assesses only the outcome of an action when
passing a verdict on the rightness of that action [Konow, 2003]. Utilitarianism is a specific exam-
ple of the consequentialistic approach, which assumes that the unit of justice can be represented
by a single quantity such as utility or welfare to compare actions which each other [Jafino et al.,
2020]. Estimating all ’real’ impacts of climate change in one metric can be troublesome as it is
difficult to monetize non-economic values. The result is that in current IAMs, the loss of nature
due to climate change or economic development is omitted from the analysis [Kowarsch, 2016].
Although this issue is very relevant and must be addressed, it will not form the focus of this
thesis work. Thus, this research takes economic metrics such welfare and economic consumption
per capita (CPC) as a unit for analysing the distribution of climate burdens and benefits.

The scope of justice, to whom the distribution relates, can be split up in the temporal distribu-
tion (intergenerational) and the spatial distribution (intragenerational). Regarding the temporal
distribution, the question is how climate change damages should be distributed across gener-
ations. This is also known as intergenerational distributive justice [Jafino et al., 2020]. Within
IAMs, the climate change benefits and burdens are often divided across generations using dis-
count methods with the appropriate discount rate [Fleurbaey et al., 2019]. To describe the spa-
tial distribution of climate change impacts within generations (intra-generational justice) often
groups are drawn using income ratios or geospatial divisions [Jafino et al., 2020].

The third question, the shape of the distribution, regards the normative question of what
should be a rightness division of what is being distributed [Konow, 2003]. There are an exten-
sive amount of distributive principles that prescribe a just division, examples are maximizing
total utility, prioritizing the worst-off (the Rawlsian approach) and enforcing a minimum level
of welfare (the Sufficitarian approach) [Caney, 2020; Fleurbaey et al., 2019]. There is no objec-
tive way to decide which distribution principle is most fair. This is an example of conceptual
normative uncertainty Jafino et al. [2020].
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2.4 normative assumption within iams
The assumptions packed in IAMs shape the need for global policymakers for speeding up or
slowing down global climate change mitigation efforts. For example regarding intergenerational
justice, assumptions such as chosen discount rates determine how pressing the future climate
impact weighs on the speed of our current emission abatement efforts [Dasgupta, 2008]. The next
paragraphs explore relevant concepts related to temporal and spatial distributive justice. Section
2.3.1 focuses on issues related to temporal distributive justice or intergenerational justice. Within
section 2.3.2, concepts related to spatial or intragenerational justice are explored. Section 2.3.3
focuses on how recent IAM studies try to improve distributive justice within IAMs by applying
alternative distributive principles to IAMs.

2.4.1 Issues regarding intergenerational justice

The most important and disputed parameter regarding intergenerational justice within IAMs is
the discount rate [Frisch, 2013; Kowarsch, 2016; Weyant, 2017]. In short, discount rates are used
to evaluate current investments’ economic efficiency relative to climate damages in the future.
The social discount rate R set by using formula (2.1).

R = δ + η ∗ g (2.1)

Where g is the expected future growth rate per capita consumption, δ forms the pure time
preference, and η is the elasticity of utility [Weyant, 2017]. Discounting is normative because the
selected parameter values reflect the relative importance of those living in the future compared
to generations living now [Kowarsch, 2016]. Setting the discount rate proves to be difficult: if
we do care about future generations, then to what extent? Do we value them significantly lower
because we face the problem of climate mitigation now, and they mostly reap the benefits of
climate mitigation? Or do we value them as equal to ourselves because they had no influence
on the state of the world as they inherited it? In the former, we should pick a high discount rate
to highly discount their utility in the future. Whereas in the latter, we should pick the discount
carefully to reflect the relative value of present and future consumption [Fleurbaey et al., 2019].
Therefore, there is no objective way to set the discount rate [Kowarsch, 2016].

2.4.2 Issues regarding intragenerational justice

The most significant root of criticism based on intragenerational justice is the dominant use of
the aggregated Utilitarian perspective within climate impact modelling. The general Utilitarian
welfare function in IAMs has the following shape:

W =
T

∑
t=0

I

∑
i=1

U(Cit)(1 + ρ)−t (2.2)

The Utilitarian welfare function used in most IAMs consists of a term that devalues welfare over
time via discounting and another part that evaluates increases in consumption with marginal
utility weights [Adler et al., 2017]. This perspective neglects differences in economic impacts
across heterogeneous populations [Aldy and Stavins, 2020]. What is optimal in an aggregated
perspective is not necessarily optimal for people at the bottom of the income hierarchy [Adler
et al., 2017; Dennig et al., 2015]. These problems are often ignored by the persuasion of many
IAM economist that distributional issues belong to a different realm of science [Arrow et al.,
2014]. A third problem relates to the economic accounting logic within disaggregated IAMs,
which implies that each ’dollar’ is valued equally. This implicates that climate damage in low-
income countries is valued significantly lower than damages occurring in high-income countries
[Frisch, 2013]. These problems of distributive justice are often not made transparent when using
these models to formulate climate policies [Kowarsch, 2016].
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2.4.3 Alternative distributive principles within IAMs

In the preceding paragraphs, multiple issues of spatial and temporal distributive justice have
been identified. The problems of neglecting spatial and temporal distributive justice within IAMs
are often interlinked. Attempts to improve spatial and temporal distributive justice are therefore
often implemented in conjunction with each other like done by Adler et al. [2017]; Dietz and
Asheim [2012]; Arrow et al. [2014]; Freeman et al. [2015]. Adler et al. [2017] implemented a non-
discounted Prioritarian social welfare function (SWF) which resulted in substantially different
social cost of carbon (SCC) rates compared to the normal discounted SCC. Dietz and Asheim
[2012] proposes a form of conditional discounting, namely Sustainable Discounted Utility (SDU),
which only considers discounting when future welfare is higher than the present utility. Arrow
et al. [2014] proposes that we should use Declining Discount Rates (DDR) to account for un-
certainty and adverse shocks of consumption in the future. Freeman et al. [2015] implemented
DDR-schemes in the DICE model and found an increase of the Social Cost of Carbon (SCC) from
10 $ to 26 $. Although some research focuses on dealing with uncertainty within approaches for
discounting. Little research has been found that considers the robustness of alternative distribu-
tive principles.

Another approach is to implement disaggregated model outputs within IAMs to serve as
an extra objective function. This can have a significant effect on the estimated optimal CO2

abatement trajectories. Dennig et al. [2015] extended the RICE model with a quintile population
distribution for every region. Dennig et al. [2015] showed that when emission pathways are
optimized for the lowest income group, optimal climate pathways deviated significantly from
Nordhaus [2014] estimates. The resulting trajectories are so conservative that they approach the
trajectories of the Stern Review Stern [2007], which uses a much lower discount rate. Little re-
search has been found that effectively compares a broad range of distributive principles.

Lastly, the generation process of abatement strategies can be improved using Many Objective
Evolutionary Algorithms to determine Pareto optimal climate abatement strategies. Tradition-
ally, IAMs use social welfare functions with a one-dimensional unit of justice, e.g., aggregated
utility. This is problematic because aggregation can result in an unknown a priori biased deci-
sion problem [Ciullo et al., 2020; Franssen, 2005]. Through aggregation, one objective becomes
dictatorial without knowing in advance which one. To overcome this, Many Objective Evolution-
ary Algorithms (MOEAs) can be used that do not aggregate over multiple objectives. Instead,
MOEAs optimize multiple objectives. The advantage is that MOEAs can show the underlying
trade-offs structures within decision problems. This is one reason why MOEAs are frequently
used in water management risk studies [Ciullo et al., 2020]. Within IAM studies, multi-objective
approaches are still heavily underused. Most IAMs’ only objective is to maximize aggregated
utility, or in the case of a more equitable approach, to maximize a single metric resulting from
an alternative social welfare function Adler et al. [2017]; Dietz and Asheim [2012]. Within the
literature, only one study was found which implemented a multi-objective version of the DICE
model, which minimized temperature deviations while maximizing social welfare Heris and
Rahnamayan [2020].

One benefit of the multi-objective approach is the possibility of combining multiple different
distributive principles in one objective function. For example, to combine Sustainable Discount-
ing by Dietz and Asheim [2012] and the Prioritarian SWF by Adler et al. [2017]. Or to minimize
intragenerational inequality while prioritizing the intergenerational distribution of climate im-
pact. Other objectives are also possible, for example, to prioritize regions with the relative high-
est climate damage [Ciullo et al., 2020]. Furthermore, an important benefit of the MOEA based
approach is that the alternative principles can be assessed independently on robustness. But
in the research mentioned, no approach has been found that uses MOEAs to combine multiple
distributive principles.
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2.5 knowledge gap
In the previous sections, several issues of IAMs related to distributional justice have been dis-
cussed. To derive more equitable climate abatement trajectories Adler et al. [2017]; Dennig
et al. [2015] have proposed various approaches to account for distributional issues within the
RICE model and found significant different abatement trajectories. Dietz and Asheim [2012]; Ar-
row et al. [2014]; Freeman et al. [2015] have shown alternative ways to improve justness within
the intergenerational distribution of climate impact, for example, by implementing Sustainable
Discounting Utility functions. Fundamental modeling issues related to deep uncertainty can be
overcome by the robust sampling of model inputs. For instance, by not handpicking a mid-center
estimate of the IPCC range of temperature increases like Nordhaus [2014], but by sampling over
a range of temperature projections [Lamontagne et al., 2019].

Although previous literature has delivered various ideas for improving Integrated Assess-
ment Models, no study has combined alternative distributive principles with robustness consid-
erations. First, the identified gap consists of the effects of using various different distributive
principles within IAMs. And second, what are the effects of using alternative distributive prin-
ciples under deep uncertainty. Furthermore, comparing alternative principles’ performance was
difficult using previous literature like [Dennig et al., 2015; Adler et al., 2017; Lamontagne et al.,
2018; Arrow et al., 2014; Dietz and Asheim, 2012]. This is because of the heterogeneous models
and parameters used within this literature. Little research exists that compares multiple distribu-
tive principles within the same study.

Therefore, this research overcomes both gaps by reflecting on multiple alternative distributive
principles’ performance to generate emission pathways under uncertainty. Because of the vari-
ety of analyzed alternative principles, the performance of alternative principles can be compared.
The usage of the SSP-framework enables comparison with established Utilitarian CO2 abatement
trajectories like Nordhaus [2014] policy and the IPCC pathways within Masson-Delmotte et al.
[2018]. This could offer practical insights into how alternative principles can be used within
IAMs to generate more equitable global abatement pathways. Furthermore, it can deliver mean-
ingful insights to policymakers on what can be done to strive for a more equitable global climate
strategy.
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3 R E S E A R C H D E F I N I T I O N

Based on the knowledge gap stated in the previous chapter, e.g., the absence of an integral
overview of the effects of implementing spatial and temporal distributive principles within the
RICE model under deep uncertainty, the following main research question has been formulated:

MAIN RESEARCH QUESTION

What is the effect of applying alternative distributive principles to the RICE model on
global CO2 abatement pathways under deep uncertainty?

To answer the main research question, an exploratory modelling approach has been selected.
Exploratory modelling is a research methodology that makes use of computational experiments
for the analysis of complex and uncertain systems [Bankes, 1993]. Therefore, exploratory mod-
elling is especially useful in the case of long term climate change where large uncertainty exists.
Not only is there scientific uncertainty about the precise effects of climate change. It is also
unknown what frameworks should be applied to solve the ethical questions within the climate
change debate (e.g., the ethical uncertainty) [Beck and Krueger, 2016]. The aim of exploratory
modelling is not to predict the future. Instead, it entails using models to learn about the out-
comes of policies under the world’s possible future states. The goal is to learn through what-if
scenario-generation on system behaviour and critical combinations of policy inputs [Kwakkel,
2017]. To answer the main research question, seven research sub-questions have been identified
that will be introduced in the following paragraphs.

A literature study will be executed on which temporal and spatial distributive principles
should be selected. The distributive justice literature offers a magnitude of possible alternative
principles as a guide for the chosen distribution of climate impacts and benefits. Principles will
be selected on their usefulness to generate more equitable abatement pathways and diversity.

Research question 1

Which spatial and temporal distributive principles can contribute to overcome inequities
within CO2 abatement trajectories?

One spatial example is applying the Prioritarian principle by prioritizing the worst-of when
optimizing for utility [Adler, 2019; Dennig et al., 2015] or to optimise for the number of peo-
ple living under the Sufficitarian threshold [Dietz and Asheim, 2012]. A temporal example is
applying a Sufficitarian approach which only discounts when future contemporaries are above
a certain utility threshold [Greaves, 2017]. To limit the scope of the research, this thesis will
not assess how spatial distributive justice can be improved with financial policy means, such as
capital transfers, like researched by Orlov et al. [2017]. The focus will lie on using distributive
principles for the optimization of abatement trajectories.

Within exploratory modelling, there are multiple approaches, namely robust decision making
(RDM), many-objective robust decision making (MORDM), multi-scenario MORDM and lastly
many-objective robust optimization (MORO). All of these approaches make use of sampling,
data analysis and clustering to draft policies and sample the policy outcomes over a wide range

11



research definition

of possible futures [Kwakkel et al., 2016]. The approaches differ in how comprehensive policies
are generated. Within the MORDM framework, multiple objectives are used to evaluate candi-
date policies. Policies are generated using a search algorithm and checked for their outcomes
relative to the objectives. Policies that score the highest on one or multiple of the objectives are
kept and stored within the Pareto optimal set [Kasprzyk et al., 2013]. Therefore, the MORDM
approach offers the possibility to show trade-offs between policies, which can improve policy
evaluation towards stakeholders [Hall et al., 2012]. Multi-scenario MORDM extends robustness
as policies are generated on multiple possible futures which challenge the outcomes of the refer-
ence scenario. MORO goes one step further by optimizing for robustness when generating the
policy alternatives [Bartholomew and Kwakkel, 2020].

Although MORO offers the highest potential to generate robust policies, the computational
burden becomes exponentially high with the number of uncertainty sources [Bartholomew and
Kwakkel, 2020]. Also, the multi-scenario MORDM can become computationally expensive for
the DICE/RICE model. Therefore the single scenario MORDM has been chosen as method
within the exploratory approach. MORDM has been chosen over RDM because of the ability to
include multiple distributive principles as objectives in the optimization problem. This makes
it possible to show trade-off structures within alternative distributive principles. During the
execution of the MOEA, candidate climate trajectories will be sampled using a single reference
scenario similar to Lamontagne et al. [2019]. The robustness of generated policies in the MOEA
will still be assessed via Uncertainty Analysis and Scenario Discovery.

Research question 2

How can deep uncertainty parameters and disaggregated model components be
implemented within the PyRICE model?

This thesis will build further on the work of Lingeswaran [2019] which implemented an
open-source version of the DICE model in Python, named the PyDICE model. The original
PyDICE model constructed by Lingeswaran [2019] will be extended into the PyRICE model.
Python is chosen as a programming language due to the wide variety of simulation and data-
analyzing tools such as the EMA-workbench [Kwakkel et al., 2013]. The RICE2010 version of
Nordhaus [2017] will be used as a template for PyRICE. The RICE2010 is the newest and most
used regionally disaggregated version of the DICE2016 model. The RICE2010 model consists
of 12 regions that use an identical economic structure to the DICE model. After model con-
ceptualization, formalization and implementation the PyRICE model will be validated against
the original RICE2010 output by Nordhaus [2014]. This ensures the comparability of the re-
sults when alternative distributive principles are implemented. The data that is needed for
running the PyRICE model will mainly be derived from Nordhaus [2014]. Additional sources
for data on damage functions, model uncertainties and model relations will be derived from the
Lingeswaran [2019]; Riahi et al. [2017]; Lamontagne et al. [2019]; Weitzman [2009]; Dennig et al.
[2015]. Using programming in Python, concepts will be developed on how distributive princi-
ples can be implemented as optimization objectives within the PyRICE model. The development
and implementation of the PyRICE model will lead to answering sub-question 3.

Research question 3

How can the operationalized alternative principles be implemented as objectives for the
generation of abatement strategies in the PyRICE model?

To answer sub-question 4, this thesis will follow the iterative MORDM method, which con-
sists of four steps and is an iterative process. First, the model specification will be done setting-up
the model input-parameters in the PyRICE model following the XLRM framework. The XLRM
framework consists of the uncertainties (X), the policy levers (L), the outcomes of interest (M) and
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relationships within the model (R). Within the MOEA, the objectives are part of the outcomes
of interest. These will correspond to the principles found in sub-question 1. A many-objective
evolutionary algorithm (MOEA) will be used to search for CO2 trajectories on the Pareto front
that maximize the distributive objectives Kwakkel et al. [2016]. Because not all found policies
can be further analysed due to computational constraints, for each applied principle, several
example policies will be chosen based on diversity and ability to span up the complete policy
space.

Research question 4

What is the influence of deep uncertainty present within climate change on the
performance of the tested distributive principles?

Chosen example policies part of the Pareto approximate set are then stress-tested for robust-
ness using Uncertainty Analysis. Strategies will be tested on their performance regarding both
to short term (2105) socioeconomic and climate uncertainties as to long term (2305) climate un-
certainties. For both analysis, robustness metrics are calculated to assess the robustness of the
found set policies McPhail et al. [2018]. The most robust strategies of each principle will form
the input for the Scenario Discovery step. The simulation method Scenario Discovery is applied
to discover possible futures in which the trajectories of interest perform unexpectedly well or
poorly [Hall et al., 2012; Kwakkel et al., 2016].

Research question 5

Which clusters and trade-offs are present within the outcomes of the alternative
abatement strategies?

First, the output of the exploratory analysis will be processed using data visualization and
data-analysis techniques within Python. The distributive principles’ outcomes will be compared
with established cost-optimal trajectories such as Nordhaus [2014] in the clustered model out-
comes. Outcomes will be clustered based on agglomerative clustering and on tempetature out-
comes in the short term. This will show potential vulnerabilities of the analysed policies. Inter-
generational trade-offs within the principle specific objectives will be analysed. Lastly, a worst-
case discovery analysis will support comparison between vulnerabilities between the applied
principles.

Research question 6

How can Integrated Assessment Models benefit from the usage of alternative distributive
principles?

In the previous sections, the process of statiscally analyzing the outcomes have been laid down.
The next step will be to perform a reflection over the simulation results. The reflection will assess
what climate trajectories could be ’fair’ and preferable if alternative distributive assumptions are
chosen. The focus will lie on how alternative distributive principles can contribute to overcome
the problems of inequity arising from the Utilitarian principle. It will state the usefulness of
the approaches of deep uncertainty and optimization over multiple objectives for complex IAMs.
And what is the linkage of these approaches regarding theories of distributive justice. For ex-
ample the position of robustness and multiple objective optimization in relation to theories of
distributive justice.
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Research question 7

What are the policy implications of the usage of alternative distributive principles within
IAMs for global climate governance?

Finally, the generated alternative emission reduction pathways are compared with estab-
lished emission reduction pathways set by the IPCC. du Pont et al. [2017] and Rogelj et al.
[2016] have compared the global National Declared Contributions (NDCs) in the Paris agree-
ment which cost-optimal IAM trajectories. Their work will offer practical guidance for this task.
Previous literature on alternative distributive principles such as Okereke and Coventry [2016];
Castro [2020]; du Pont et al. [2017] will offer guidance for positioning the tested distributive
principles within the current climate regime. Furthermore, the reflection will highlight which
steps policy makers can take to achieve more equitable climate strategies. For example which
supplementary strategies can reduce inequities arising from climate impact.
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4 S E L E C T I O N O F D I S T R I B U T I V E P R I N C I P L E S

This chapter focuses on selecting distributive principles that will be implemented within the
RICE model. Section 4.1 gives a brief overview of the fundamental theories that support dis-
tributive justice and introduces the chosen welfarist principles. A literature review regarding
alternative welfarist principles within Integrated Assessment Models has been executed. Section
4.2 gives an overview of the spatial and temporal application to IAMs of the found welfarist
principles. Within section 4.3, the chosen distributive principles are summarized.

4.1 distributive justice and the welfarist approach
Distributive justice is reflected within economical, political, and social frameworks that shape
laws, institutions and rules within society. Each and all of these frameworks are build up by
principles of distributive justice [Adler, 2019]. Distributive principles can be seen as tools on
moral guidance for political processes that affect distributing benefits and burdens of a policy
choice [Lamont and Favor, 2017]. Within the distributive justice theory, many schools exist.
The welfarist approach assumes that policies can be valued according to their effect on welfare,
which forms the basis of IAM analysis. Strict Egalitarianism neglects that welfare can effectively
be measured and prescribes that every person should possess the same level of material goods
and services. The Difference Principle by John Rawls holds that inequality is only accepted un-
der certain conditions [Sen, 2018]. The various schools of distributive justice are too extensive to
cover here. As the welfarist approach lies at the basis of Integrated Assessment models [Adler,
2019], this approach forms the main focus for the selection of alternative distributive principles.

The welfarist approach assumes that policies can be ranked on their resulting welfare [Sen,
2018]. The welfarist approach is consequentialist as policies are only valued on the basis of their
outcomes. In what unit welfare is measured differs between approaches. Often welfare is defined
as utility or pleasure, preference satisfaction (e.g. Arrow) or happiness. Welfarist principles
make use of a welfare function to allocate welfare across recipients [Lamont and Favor, 2017].
One commonly known welfare function is the Utilitarian social welfare function, which aims
at maximizing aggregated utility [Adler, 2019]. Many integrated assessment models adopt this
approach for ranking climate trajectories. The climate trajectory with the highest expected utility
is chosen as the optimal trajectory [Adler et al., 2017]. Next to the Utilitarian welfarist approach,
multiple other welfarist principles exist. Commonly found principles within the literature are
the Egalitarian principle aiming for total equality, the Prioritarian principle aiming to prioritize
the worst-off and the Sufficitarian principle, which aims to obtain a certain welfare minimum
[Adler, 2019; Dietz and Asheim, 2012; Adler et al., 2017; du Pont et al., 2017]. Together, they form
the standard principles used to shape the social welfare function within integrated assessment
models. The next paragraphs give an overview of each of the principles mentioned.

4.1.1 Utilitarism

The Utilitarian principle is the standard principle within welfare economics, going all the way
back to Jeremy Bentham (1747) regarded as one of the founding fathers of utilitarianism. Within
the Utilitarian approach, the focus lies on maximizing the total sum of utilities irrespective of the
distribution of that total across individuals [Sen, 2018]. The Utilitarian principle does assume
declining marginal utility. Thus increasing the consumption level of a person at a low-income
level matters more than increasing income at high-income levels. But as utility is aggregated, the
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Utilitarian SWF function remains insensitive to the distribution among individuals [Adler, 2019].
The generalized form of the Utilitarian welfare function can be seen below.

W =
T

∑
t=0

I

∑
i=1

U(Cit)(1 + ρ)−t (4.1)

Within this function, the amount of well-being at each time t is computed by summing mone-
tary well-begin levels across all individuals i at time t. Then wellbeing at each time t is discounted
by a factor that reflects the importance of wellbeing at that moment relative to wellbeing at other
times. After this, the discounted wellbeings across time are summed [Adler, 2019]. In the re-
gional aggregated RICE model, utility is computed per region based on the average per capita
consumption and population of that region (equation 4.2) [Anthoff and Emmerling, 2019].

W =
T

∑
t=0

R

∑
r=1

PrtU(Cit)(1 + ρ)−t (4.2)

4.1.2 Prioritarism

The Prioritarian view differs from the Utilitarian principle in that it accounts for distribution
across people. Benefits to people on a low level of wellbeing are valued higher than increasing
welfare of well-off individuals [Adler, 2019]. This is different from the idea of declining marginal
utility, as in the Utilitarian case, the relative levels do not matter. Suppose two actions A & B: Ac-
tion A increases utility for a well-off individual while slightly increasing aggregated welfare as
a whole, whereas Action B slightly increases welfare for a lower off person while not increasing
total welfare. In the Utilitarian case, action A is chosen over action B. Whereas the Prioritarian
case would favour action B over action A as benefits for the worse-off are prioritized [Lamont
and Favor, 2017]. To achieve this, prioritarianism approaches make use of a strictly increasing
and strictly concave transformation function G(x) within the social welfare function, see figure
4.1. Another Prioritarian approach is the Leximin social welfare function which ranks outcomes
relative to how they perform on the outcome of the worst-off [Adler, 2019; Sen, 2018].

Figure 4.1: Concave Prioritarian transformation function, derived from Adler [2019]

Equation 4.3 shows the Prioritarian social welfare function, including the transformation
function. The transformation function can be specified as a power function see equation 4.4.
The parameter γ resembles the priority for the worse-off with γ = 0 being strictly Utilitarian
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and increasing γ for more priority for the worse off. When γ is bigger than 0, the resulting
function has resembles a positive slope which decreases at higher wellbeing levels W. The result
is that actions that add wellbeing at lower levels are favored over increasing wellbeing at higher
levels [Adler, 2019]. The Utilitarian function is one specific function for the ordering of welfare.
In contrast, the Prioritarian social welfare function represents a family of functions as various
shapes for g(x) can be chosen.

W =
T

∑
t=0

R

∑
r=1

PrtG
(

F(U(Cit))
)
(1 + ρ)−t (4.3)

with:

G(u∗) = (1− γ)−1(u∗)1γ (4.4)

Regarding discounting, the Prioritarian principle does not offer strict guidance. Within Pri-
oritarian analysis, often no discounting is applied based on the ethical axiom of impartiality.
Harms to future generations should be weighed equally high as to present generations [Adler,
2019]. Nevertheless, there is no absolute reason that discounting can not be applied within the
Prioritarian view. Therefore other approaches adopt discounting schemes that protect for the po-
sition of the worst-off. Within Prioritarian conditional discounting, discounting is only applied
when the worst-off experiences a certain welfare improvement relative to previous generations.

4.1.3 Sufficitarianism

The Sufficitarian principle aims that benefits and burdens should be distributed so that as many
persons as possible can enjoy a decent welfare level [Page, 2007]. According to sufficitarians,
problems of inequality occur when some individuals are so deprived of wellbeing to a level
that is seen as morally unacceptable [Adler, 2008]. Sufficitarian norms can be found throughout
public governance, for example within country-specific poverty lines and minimal living stan-
dards. One example of this is the $ 2.10 poverty line defined by the World Bank. The level after
which sufficitarians accept inequality is defined as the Sufficitarian threshold [Adler, 2019]. The
Sufficitarian approach prescribes that policymakers are morally obliged to put absolute focus on
improving the position of people below the Sufficitarian threshold. Applying the Sufficitarian
approach to integrated assessment models results in conditions such as welfare per head may
never decline [Beckerman, 1999]. Or each generation is entitled to inherit a planet at least as
good as that of previous generations [Arrow et al., 1996]. Another intertemporal application is
the condition that every generation is entitled to experience a certain level of growth, for example
25 % per generation [Llavador et al., 2015].

4.1.4 Egalitarianism

Within the Egalitarian principle, both a non-consequentialist and welfarist approach exist. The
non-welfarist approach rejects that there exists a social welfare function that can effectively mea-
sure and compare interpersonal well being. By doing so, this virtually rejects the use of any kind
of social welfare function as a tool to reach a fair distribution [Lamont and Favor, 2017]. Con-
trary to this, the welfarist Egalitarian approach can offer an alternative principle to integrated
assessment models. In this approach, as opposed to prioritarianism which deals with absolute
inequality, the focus lies on relative inequality between individuals. The moral weight of indi-
vidual wellbeing depends on the wellbeing of everyone else in the population, hereby rejecting
the ethical axiom of separability [Adler, 2019].

One way to apply the Egalitarian principle within a social welfare function is to penalize
distributions that have a high inequality among the distributed welfare. This can be done by
penalizing inequality by using an inequality measure such as the GINI-index, see formula 4.6
[Ciullo et al., 2020]. Other approaches include the usage of a rank-weighted welfare function,
which ranks distributions on how equal welfare is distributed amongst individuals [Adler, 2019].
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W =
T

∑
t=0

R

∑
r=1

PrtU(Cit)(1 + ρ)−t + E (4.5)

with:

E =
∑n

i=1 ∑n
j=1 |xi − xj|
2n2 (4.6)

4.2 spatial and temporal application to iams
In the preceding sections, the four main welfarist principles have been introduced. This sec-
tion will discuss their implication for how to treat spatial and temporal distribution of climate
change’s burden and benefits in IAMs.

4.2.1 Utilitarian principle

Within the Utilitarian perspective, it is simple how to deal with intragenerational justice. The op-
timal spatial distribution is found by maximizing aggregated utility within the Utilitarian social
welfare function (equation 4.1) [Sen, 2018].

The Utilitarian perspective deals with justice between generations by applying discounting
to the utility level of future generations. To what extent the importance of the future is weighted
is set by Ramsey’s social discount formula (section 2.3.1). Most Utilitarian scholars agree that
some level of discounting must be applied due to the capital accumulation of positive payouts of
investments. However, there are also scholars that argue for a non-discounted approach and the
usage of negative discount rates [Fleurbaey and Zuber, 2012; Greaves, 2017]. The precise setting
of the parameter values within this formula is the center of a heated debate among economists,
most notably between Nordhaus [2014]; Tol [2013] who support the descriptive view on the one
hand and Stern [2007] which supports the prescriptive view on the other.

According to the descriptive (positivist) view, the discount rate should be set based on ob-
served market rates of return [Arrow et al., 2013]. Following this view, it is wise to invest in
profitable portfolios now and use the profits of these investments in the future for climate mit-
igation action [Storm, 2017]. According to the prescriptive view, the discount rate should be
set following ethical considerations. For example, future generations should be valued equally
by setting a low pure rate of time preference of ρ = 0.01 and low elasticity of marginal utility
[Stern, 2007]. Nordhaus [2014] is one of the most commonly known defenders of the descriptive
argument, which is why the DICE/RICE model adopts a social discount rate of 5.5 %. This im-
plies that future generations are better off richer, but with the possible adverse effects of climate
change [Kowarsch, 2016; Storm, 2017].

Overview of used discounting parameters in literature
elasticity
of utility
(η)

growth
rate (g)

pure rate
of time (δ)

social dis-
count rate
(R)

descriptive (Nordhaus, 2007) 1.4 % 1.5 % 2 % 5.5 %
descriptive (Weitzman, 2008) 2 % 2 % 2 % 6 %
prescriptive (Stern Review, 2007) 0.1 % 1.5 % 0.01 % 1.4 %
French Lebegue report 0 % 2 % 2 % 4 %
UK greenbook 1.5 % 2 % 1 % 4.5 %

Figure 4.2: Parameter values for Ramsey formula in literature
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Important climate studies, such as the Fifth Assessment report on the Climate by the IPCC
adhere to the descriptive view by applying ’high’ discount rates [Golosov et al., 2014; Masson-
Delmotte et al., 2018]. Also, within national policies, more value is given to the present gener-
ation over future generations. For example, both the UK and French government recommends
applying a positive pure rate of time preference. But within the scientific literature, debates
persist on how to treat discounting in the presence of uncertainty. Fleurbaey and Zuber [2012]
argues that because of these uncertainties, the discounting rate should be set negative. Others
suggest that when discounting is done over longer time frames, discounting rates should decline
over time to account for the uncertainty in future rate of return [Arrow et al., 2014].

The inability to set the objective discount rate is essentially an ethical debate over what is
the right moral principle to apply to intergenerational justice. This opposes some economists’
standpoint that discounting is an objective and defensible economic practice [Beck and Krueger,
2016]. The idea that discounting is normative is the most critical reason no definite answer on
discounting can be found. Therefore, Taebi et al. [2020] have argued that the discounting factor
can be defined as an epistemic normative uncertainty.

4.2.2 Prioritarian principle

Within the Prioritarian principle, extra priority should be given to the worst-off individuals
when selecting a fair distribution of welfare. One way of doing this is by applying a concave
transformation function (section 4.1.4), which shapes the spatial distribution of welfare across
its recipients [Adler et al., 2017]. Thus the Prioritarian principle entails a continuous transforma-
tion of the worst-off. Because it is not possible to select individuals in models, more practical
approaches make use of disaggregated income groups to optimize for the lowest income groups
across regions as done by Dennig et al. [2015]. Another approach is to favour climate impact
reductions for regions where climate impact is highest, which is comparable to the approach of
Ciullo et al. [2020] on risk reduction for flood risk. These approaches entail the prioritization
for the group with the highest impact of climate change. When expressed impact is computed
relative to consumption, this can overcome the accounting problem of the differences in relative
welfare levels present within IAMs.

Regarding intergenerational justice, the prioritairan principle does not prescribe one abso-
lute way of valuing the importance of future generations compared with current contemporaries.
Adler [2008] has argued that when applying a Prioritarian distribution, no discounting should
be applied. Because discounting assigns less weight on individuals just because they live further
into time, discounting violates the axiom of impartially. The reason behind this is that future
worst-off should be valued equally, also if they live in the future. Other approaches make use
of standard Utilitarian discounting when applying a spatial prioritairan distribution [Greaves,
2017]. Some approaches adopt discounting schemes that protect for position of the worst-off.
Within Prioritarian conditional discounting, discounting is only applied when the worst-off ex-
periences a certain welfare improvement relative to previous generations. The welfare improve-
ment can be related to a certain growth level [Adler, 2019; Greaves, 2017].

4.2.3 Sufficitarian principle

Within the Sufficitarian case, welfare should be distributed in such a way that as many individ-
uals are above the Sufficitarian threshold Wtresh [Adler, 2019]. Inequality above the Sufficitarian
threshold is accepted, and as a distributional rule, often the Utilitarian social welfare function
is adopted. Below the Sufficitarian threshold, the sufficiency approach applies a Prioritarian
approach to distributing welfare [Adler and Holtug, 2019]. Thus, the Sufficitarian view differs
from the Prioritarian approach in that the Sufficitarian view is a discrete transformation of the
distribution of utility while the Prioritarian approach aims at a continuous transformation.

When applying the sufficiency approach to intergenerational justice, this is often linked to
conditional discounting. Future wellbeing is only discounted when future generations find them-
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selves above a given threshold. Examples are that every generation should experience a 25 %
increase in wellbeing compared to the preceding generations (growth discounting) or that every
generation should experience at least the same wellbeing as current generations (inheritance dis-
counting) [Beckerman, 1999]. Discounting is only applied when these threshold conditions are
met. Here the sufficiency approach regarding temporal justice follows the same line of reason-
ing as the spatial justice variant. Below the threshold, the Sufficitarian approach does not apply
discounting, whereas above the threshold the distribution of welfare follows the Utilitarian prin-
ciple [Dietz and Asheim, 2012; Page, 2007].

4.2.4 Egalitarian principle

Regarding spatial justice, the Egalitarian case focuses on dividing the distribution of welfare
as equal as possible. This can be done by penalizing relative inequality in the distribution of
welfare [Ciullo et al., 2020]. The amount of penalization determines the level of aimed equality
within the distribution of utility. Extensions to this approach entail to equalize relative damages
between regions. In the literature review, no research has been found that applies one of these
approaches to IAMs.

When assessing intergenerational justice within the Egalitarian case, no discounting should
be applied. This originates from the primary Egalitarian idea that every individual is equal
and show be treated equally [Adler, 2019]. The temporal case can be extended by calculating
the inequality measure over time across all periods. In this way, the Egalitarian SWF strives
for equal welfare divisions across generations. This intertemporal inequality measure should
account for differences in populations across times, making it more complicated to implement
practically. [Adler et al., 2017] adopted a zero discounted SWF within the RICE model as part
of a Prioritarian SWF. The use of zero discounting as part of an Egalitarian distribution within
IAMs has been underused in the assessed literature.
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4.3 overview and selection of principles
Figure 4.3 below gives an overview of the discussed welfarist principles and their applications
within IAM analysis. The table shows that combinations can be made between temporal and
spatial applications regarding a different welfarist principle. For example, by applying a Priori-
tarian spatial approach while applying no discounting which can be based both on Egalitarian
and Prioritarian grounds.

Figure 4.3: Overview of literature review of distributive principles for IAMs

To limit the scope of this research. This research focuses on homogeneous combinations of
principles, meaning that only the diagonal combinations will be tested within the RICE model.
In this way, the outcomes generated within the RICE model will only depend on one distinct
application of a welfarist principle. This enables easier comparison between principles. Thus, a
total of eight combinations will be tested within the RICE model.
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William Nordhaus was one of the first scholars to link the effects of climate change with the
global economy. The Dynamic Integrated model of Climate and the Economy (DICE) 1992

model was the first released version. In 2010, the Regional Integrated model of Climate and
the Economy (RICE) was released as a way to study the effects of the Copenhagen Climate
Accord. The RICE/DICE models are simplified analytical models that integrate emission re-
ductions pathways to a dynamic Ramsey-Koopman growth model. The RICE/DICE models are
non-linear, intertemporal optimization models. There are many versions of the DICE/RICE mod-
els as damage functions and other parameters are updated when new climate research comes
available [Nordhaus, 2017]. For this research, the RICE2010 model is chosen. It is the most
updated version of the RICE model, well used in other disaggregated impact studies and con-
sists of 12 regions which enables better spatial comparisons over other versions of RICE [Dennig,
2014]. Section 5.1 addresses the main assumption of the DICE/RICE models. Section 5.2 states
the relations in the RICE2010 model with more detail.

5.1 main assumptions
The economic backbone of the RICE model is set-up by applying the framework of economic
growth theory. The model follows the logic of the neoclassical optimal growth model known as
the Ramsey-Cass-Koopman model (RCK). In this growth model, society invests in capital goods
by reducing today’s consumption to increase future consumption [Koopmans, 1965]. The repre-
sentative agent within the model is infinitely lived. Thus, for each region in RICE, there is one
social planner or representative agent. As the RCK-model only represents households and firms,
the household can be seen as a dynasty which is infinitely lived with an unending chain of gen-
erations connected through family relationships. This assumption forms the basis for why the
representative agent besides the present also values the (far) future (although to a lesser extent
than the present). To the general structure of the RCK model, the DICE/RICE models add a
climate impact and climate investment component. CO2 concentrations can be seen as negative
natural capital. Emissions reductions reflect investments to lower the quantity of negative capital
by reducing today’s consumption but increase consumption in the future [Nordhaus, 2011].

The main structure of the RICE model consists of three sub-models representing the climate,
the economy and the carbon cycle. Within the economy sub-model, the main output forms the
world economy over time. The economic activity results in an increase of atmospheric CO2
calculated in the carbon cycle model [Fiddaman, 1997]. This forms the input for the climate
model, which is calibrated against more complex climate models [Frisch, 2013]. Via the dam-
age function, atmospheric warming is linked to a certain level of climate impact relative to the
size of the economy. Finally, the utility sub-model aggregates consumption and damages over
time per region to calculate a net economic consumption which is discounted over time using
a discount rate [Weyant, 2017]. Within RICE, the economic sub-model is disaggregated over
12 regions such as large countries like the United States, China or multi-country regions such
as the European Union or Africa. Each region has a well-defined assumed set of preferences
represented by the social welfare function to optimize its consumption, emission reduction and
investments. The importance of future generations is modeled by applying a pure rate of time
preference. Increases in consumption will lead to relative lower increases of utility because of
the declining marginal utility of consumption. Parameters within the model should reflect real
market behaviour and are therefore calibrated by Nordhaus [2011].
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5.2 relationships in the rice model
The following paragraphs address the relationships within the RICE2010 model by [Nordhaus,
2011] in more detail.

5.2.1 Economic sub-model

The economic sub-model in RICE is based on the neoclassical economic growth theory model
by Ramsey-Cass-Koopmans. In the RCK model two separate agents, households and firms
maximize the present and the future flow of discounted utilities. Within RICE for every region
the present and future utility is maximized [Nordhaus, 2011]. In the RCK model, households
supply labour to the firms and are also shareholders of these firms. Thus, the representative
household receives all value-added from both labour and capital income. Utility is maximised
by consuming a share of the world output, Ygross, while investing the remaining share in firms
to increase future consumption. The world gross output, Ygross, is set by the Cobb-Douglas
production function (5.1).

Ygross,t,r = At,rL1−γ
t,r Kγ

t,r (5.1)

where:

At,r: Total factor productivity per region per period
Lt,r: Population and labour force per region per period
Kt,r: Capital stock per region per period
γ: Output elasticity of capital

The output elasticity of capital resembles the response of the gross output to changes in
capital. The accumulation of capital is driven by investment in every region, It,r. Depreciation
reduces the stock of capital by the depreciation rate of capital, δ.

Kt+1,r = It,rTstep + (1− δ)Tstep Kt,r (5.2)

where:
Tstep: time step

Because climate change is incorporated in the RICE model, some fraction of Ygross is lost to
damages and to the cost of abatement. Therefore, the RCK model is extended with 5.3 to derive
the total income Yt,r per region at time step t.

Yt,r = Ygross,t,r ∗ (1− ∆t,r −Ωt,r) (5.3)

Investment, It,r is the difference between total income per region and the total consumption
within that region, Ct,r. The amount of investment is determined by the savings rate which is
optimized for every region in RICE.

It,r = Yt,r − Ct,r (5.4)

The damages caused by climate change over time in every region, Ωt,r, are determined by the
damage function. The damage function is crucial as it links induced warming with damages to
the economy. Therefore the specification of the damage function is one of the most fundamental
debates within IAMs [Beck and Krueger, 2016]. In chapter 6, this uncertain parameter and others
are covered more extensively. Within the RICE2010 model, the damage function is dependent
on temperature and on induced Sea Level Rise (SLR). Recent versions of DICE only make use of
a temperature dependent damage function. The sea-level rise component adds extra complexity
to climate abatement strategies. Research has shown that sea-level-rise can be irreversible once
triggered, even when negative emissions are deployed on a large scale [Masson-Delmotte et al.,
2018; Hallegatte and Rozenberg, 2017]. This is why the SLR component is maintained within the
RICE model.

Ωt,r = λ1,rTATM,t + λ2,r(TATM,t)
λ3,r (5.5)
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The abatement costs are calculated via the cost of the backstop technology which price is
assumed to decline over time [Nordhaus, 2010]. Technology advancement will lead to an increase
in efficiency of the backstop technology until the price of this technology reaches zero. The
backstop technology is defined by Nordhaus [2011] as the technology that can remove carbon
from the atmosphere or as a zero carbon-emitting energy technology.

∆t,r = β1,rµ
β2
t,r (5.6)

Given the ensemble of model outputs, the social planner tries to maximise the social welfare
function by setting the emission control rate, µt,r, and the savings rate, St,r. In chapter 4, mul-
tiple social welfare functions have been introduced. The standard RICE welfare function is the
Utilitarian welfare function (5.7).

W =
Tmax

∑
t=1

R

∑
r=1

U(Ct,r)Lt,rRt (5.7)

where:

Ct,r: Consumption per Capita per region
Lt,r: Population and labour force per region per period
Rt: Social discount factor

The social discount factor is set by the social rate of time preference, ρ, which applies welfare
weights on the welfare experienced by future generations.

Rt =
1

(1 + ρ)t (5.8)

The period utility function, U(ct,r, is set by a Constant Relative Risk Aversion (CRRA) utility
function (5.9)

U(ct,r) =
C1−α

t,r − 1
1− α

− 1, α < 1 (5.9)

5.2.2 Carbon sub-model

Within the carbon sub-model, the total global emissions Et, that are the result of economic
activity, give rise to an increase of the CO2 concentration in the atmosphere, MATt. The total
emissions are determined by the sum of the industrial emissions per region, Eind,t,r, and the
resulting emissions from changes in land usage such as deforestation, Eland,t.

Et =
R

∑
r=1

(Eind,t,r) + Eland,t (5.10)

The industrial emissions are set by the total economic output per region using the emissions
control rate, µt,r and the emissions output ratio, σt,r. In the original RICE model, the emission
control rate is one of the optimized control variables. The emission output ratio, σt,r , is deter-
mined exogenously and is set to decline over time due to assumed efficiency improvements.

EInd,t,r = σt,rYt,r(1− µt,r) (5.11)

The carbon model within the RICE model consists of three equations that resemble the re-
lease of CO2 into the atmosphere and absorption of in the upper oceans, MUt and lower oceans,
MLt. The parameters φ are derived from fitting on more detailed climate models by Nordhaus
[2010].
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MATt+1
MUt+1
MLt+1

 =

1.36
0
0

 Et +

φ11 φ12 0
φ21 φ22 φ32
0 φ23 φ33

MATt
MUt
MLt

 (5.12)

The CO2 emissions that are not absorbed by the oceans lead to increases in the atmospheric
CO2 concentration. This leads to an increase in radiative forcing, FORCt when atmospheric
concentration, MATt exceeds the pre-industrial equilibrium concentration MATeq, see equation
5.13. Furthermore, radiative forcing is influenced by external radiative forcing, FORCex,t, which
corresponds to other greenhouse gasses from changes in land usage.

FORCt = η[log2(
MATt

MATeq
)] + FORCex,t (5.13)

5.2.3 Climate sub-model

The climate model determines the atmospheric temperature increases, TATM,t due to the in-
creases in radiative forcing calculated within the carbon sub-model. Once again, the oceans
work as a buffer that absorbs some of the induced warming in the atmospheric layer by increas-
ing the temperature of the ocean, TOCEAN,t.

(
TATM,t+1

TOCEAN,t+1

)
=

(
χ1
0

)
FORCt +

(
1− χ1χ2 − χ1χ3 χ1χ3

χ4 1− χ4

)(
TATM,t

TOCEAN,t

)
(5.14)

where:

χ1: Climate equation coefficient for upper stratum
χ2: Climate sensitivity parameter
χ3: Heat transfer coefficient between upper and lower stratum
χ4: Climate equation coefficient for lower stratum

An important model parameter is the climate sensitivity parameter, χ2, which represent the
temperature response of the earth by a doubling of atmospheric CO2 concentrations. The climate
sensitivity is set by the following equation:

χ2 =
f co22x

t2xCO2
(5.15)

Estimates of the climate sensitivity vary widely [Beck and Krueger, 2016] which is why this
parameter is treated as a deep uncertainty (see chapter 6.4: climate uncertainties). Within the
RICE2010 model, Nordhaus estimates the equilibrium climate sensitivity at 3.2◦C, but in the
DICE2016 model, it is set at 2.9◦C.
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To explore the implications of applying distributive principles in RICE, the original RICE model
has been reformulated as the Python PyRICE model. The PyRICE model is no longer an opti-
mization model but has been transformed into a stochastic simulation model. Section 6.1 shows
how the original RICE model is set-up within Python and how objective parameters in PyRICE
are conceptualized. In section 6.2 and 6.3, the PyRICE model is verified by comparing the origi-
nal RICE output with the output of PyRICE. In section 6.4, the uncertainties within the original
RICE model are introduced consisting of the climate and socioeconomic uncertainties. This
includes the adaptation of the SSP scenario-framework in PyRICE.

6.1 model implementation
The RICE model has been reformulated in Python, largely following the structure of the original
model. The work of Lingeswaran [2019] were the DICE model was formulated as the PyDICE
model served as an example work for formulating PyRICE as a stochastic simulation model. All
original data used in the RICE model has been loaded in the PyRICE model. The most signif-
icant revisions are that of the original control variables in RICE, namely the emission control
rate µt,r and the savings rate σt,r. And the implementation of a disaggregated income and dam-
age component within each region. In the original RICE model, the optimal savings rate and
emission target year are determined at the end of the optimization run. In this way, the represen-
tative agent sets the savings rate and emission control rate such that utility is maximised. The
DICE/RICE models are non-linear, intertemporal optimization models that optimize the savings
and emission control rate towards the end of this century. Within the PyRICE model, through the
usage of a Many-Objective-Evolutionary-Algorithm (MOEA), Pareto optimal policies are identi-
fied that satisfy multiple objectives. In contrast to the RICE model, strategies are optimized for
different snapshots in time over a 300 year period up to 2305.

6.1.1 Savings rate

The savings rate is exogenously set to converge to the steady-state savings rate for the world de-
termined by the formula below. Similar approaches have been adopted by Dennig et al. [2015];
Smith [2010]; Fankhauser and Tol [2005] This corresponds to the savings rate where economies
will tend to converge to as developing countries catch up with developed economies. This is con-
sistent with the original output of RICE2010 where all regions convert to a similar savings rate.
Dietz and Stern [2015] have looked at the influence of the savings rate on the optimal abatement
trajectory. Their findings show that when the savings rate is set exogenously, the effect of the
endogenously set savings rate is non-significant. This supports the adoption of this research by
setting the savings rate exogenously to the steady state savings rate.

S∗longrun =
γ

(1 + δ)
(6.1)

where:

γ: The capital share in the Kopp-Douglas capital production function
δ: The annual pure rate of time preference
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With a pure rate of time preference of δ = 1.5 and capital share γ = 0.3 the resulting long term
savings rate is S = 25,8 %. Within the model, the savings rate is assumed to decrease/increase
linearly to the calculated savings rate.

St,r = (S ∗longrun −St=1,r) ∗
t

Stime
+ St=1,r (6.2)

where:

S∗longrun: The long run savings rate
Stime: Time to converge for the savings rate to the long run savings
St=1,r: The savings rate in 2015 in region r

6.1.2 Emission control rate

The emission control rate will increase linearly towards the maximum emission control rate set
by the regional planner from the observed historical emission control rates in 2015. An extra
feature within the PyRICE model is that the maximum control rate can become higher than
one. In the DICE2016 model, Nordhaus has assumed that negative emissions will be possible
in the future [Nordhaus, 2017]. The possibility of negative emissions is also adopted within the
pathways set by the IPCC [Masson-Delmotte et al., 2018].

µt,r = µt=0,r +
(µmax − µt,r)

µperiod,r
(6.3)

where:

µt,r: The control rate per region at time step t
µmax,r: The maximum control rate per region set by the global planner
µperiod,r: The period where the emissions control rate reaches the maximum control rate

6.1.3 Disaggregated regional consumption

The original RICE model only computes the average consumption per region. But especially
in the lower income region, the income distribution is heavily skewed to the right. Although
the average CPC output, keeps the model output simple, it neglects significant differences in
per capita consumption within regions. Dennig et al. [2015] have found that optimizing for the
lowest income groups can result in significant changes in the optimal CO2 emission pathway.
Furthermore, when applying worst-off distribution principles, an extra income resolution en-
ables for a better comparison of worst-off cases. For example, in the Sufficitarian case, average
consumption could be around 1500 $ per capita, but the lowest 20 % could only have a per capita
consumption of 500 $, which is well below the absolute poverty line defined by the World Bank.

Therefore, within the PyRICE model, a disaggregated consumption function has been imple-
mented which splits average regional consumption into five income quintiles within a region
[Dennig et al., 2015]. The pre-damage consumption is computed by calculating the aggregate
consumption in every income group by dividing it by the size of the income group. The regional
distribution of income across the five quintiles, Dr,q, has been derived from the World Bank. It
is assumed that the distribution of income across groups remains constant over time.

Cpre−damage,t,r,q =
Ygross,t,r ∗ Dr,q

0.2 ∗ Lt,r
(6.4)

where:

Ygross,t,r: Gross economic output before damages and abatement
Lt,r: The total labour population in a region
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The damages per quintile within every region, Ωt,r,q, is primarily determined by setting the
damage share distribution. This is set by the elasticity of climate impact, φ. An elasticity of
1 assumes a perfect distribution of climate impact across economic consumption. While an
elasticity value of -1 results in a damage distribution which predominantly affects the lower-
income shares. Dennig et al. [2015] have argued that values for the damage elasticity are justified
towards more elastic values as the rich have more means to prepare and mitigate climate damage.
Historical examples also show that economic inequalities are a good indicator for exposure to
climate impacts [Chancel, 2020; Masson-Delmotte et al., 2018]. For example in Nigeria, the
bottom 20 % of the income hierarchy is 50 % more likely to be affected by a flood, 80% more
likely to be affected by droughts and 130 % more likely to be exposed to heatwaves than other
income groups [Hallegatte and Rozenberg, 2017].

Ωt,r,q =
Dφ

r,q ∗Ωt,r

1/5 ∗ Lt,r
(6.5)

The post damage consumption, Cpostdamage,t,r,q, is calculated by subtracting the damage experi-
enced by every quintile in a region, Omegat,r,q, from the pre-damage consumption, Cpredamage,t,r,q

Cpost−damage,t,r,q = Cpre−damage,t,r,q −Ωt,r,q (6.6)

The figure below shows the trajectory of the consumption per head in every income quintile
for the US and Africa and the average consumption per capita originally calculated in RICE
(the brown line). From figure 6.1, it becomes clear that both income distributions are skewed.
At first sight, the average consumption in both regions lies at an ’acceptable’ level well above
most extreme poverty thresholds set by the World Bank. But in 2005, in Africa, the average
consumption for bottom 20% was only 380 dollars per year, which is well below the extreme
poverty line. Furthermore, also the second income quintile found itself below the poverty line
resulting that 40 % of the whole population lived in extreme poverty in Africa around 2005. This
shows the importance of disaggregated consumption indicators for determining the worst-off
position in both the Prioritarian as the Sufficitarian case.

Figure 6.1: Consumption per capita lowest highest income quintile US & Africa
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6.2 verification of inputs
In the previous section, it was explained how the deterministically set control variables have been
adopted in PyRICE. To verify the PyRICE model implementation, the PyRICE control variables
are compared with that of the original RICE model in figure 6.2. The figure below compares the
savings rates from the original RICE2010 model with the input of PyRICE. The savings rate in
RICE follows the observed savings rate in 2005 and 2015. Then, the model converges linearly to
the long-run savings rate. Although the behaviour is less dynamic then the original RICE model
it follows the same steady state behaviour as the original RICE model.

Figure 6.2: Comparison of the savings rate in RICE2010 & PyRICE

Figure 6.3 compares the emission control rate (µ) from the original RICE2010 model with
the input of PyRICE. The original RICE input forms a little different trajectory than the straight
linear relation in RICE2010.

Figure 6.3: Comparison of emission control rate in RICE2010 & PyRICE
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6.3 verification of outputs
To verify if the RICE model has been properly translated into PyRICE, the output of PyRICE has
been compared with that of the original RICE model. This has been done in two ways. Firstly,
the PyRICE model has been run with the same control variables as RICE2010 optimal run.

Original RICE optimal levers
When the PyRICE model is ran using the RICE optimal levers. The following results are obtained
(figure 6.4). From this can be concluded that all output variables follow the original RICE model
very well.

Figure 6.4: Comparison of output of PyRICE deterministic and RICE2010
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PyRICE deterministic levers
When we compare the output of PyRICE using the in model calculated values for the levers,
we see that global emissions deviate slightly at the beginning of the simulation results. This
is because the deviation of the in model-set emission control rate with that of RICE2010. This
results in a slightly higher increase in atmospheric temperature. Overall, period utility generally
follows the original output quite well. Thus, it can be concluded that the PyRICE model is
successfully implemented and can produce similar results as the original RICE model.

Figure 6.5: Comparison of output PyRICE simulation model and RICE2010
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6.4 rice uncertainties
Within the RICE model, there are two main groups of uncertainties, namely uncertainties regard-
ing the earth’s climate system and socioeconomic uncertainties in respect to population growth,
development of the economy, and that of energy-neutral technologies [Lamontagne et al., 2018].
The following sections introduce the origin and setup of these uncertainties in the PyRICE model.

6.4.1 Climate uncertainties

In climate change modeling, uncertainties play an essential role. Two key uncertainties of global
climate change are the world’s climate sensitivity and the relation between atmospheric heating
and climate damage. The climate sensitivity is defined as the temperature increase resulting
from a doubling of the CO2 concentration in the atmosphere [Sherwood et al., 2020]. The dam-
age function is defined as the relation between the impact on the socioeconomic systems as a
result of the induced warming [Weitzman, 2009]. The climate sensitivity parameter is uncertain
because of the complex feedback loops present within the earth’s heating system [Wagner and
Weitzman, 2018]. Therefore, the climate sensitivity parameter can not be calculated objectively.
For the relation between atmospheric warming and the resulting damage, there is currently a
problem of induction for estimating the shape of the damage function. Climate change has just
started to occur with current damages being relatively low. This means that historical data can
not be used to appropriately estimate the right damage function for much higher levels of at-
mospheric heating in the future [Pindyck, 2017; Wagner and Weitzman, 2018; Weitzman, 2009].
In many IAMs, quadratic damage functions are fitted on historical data as a way to establish
an ’objective’ damage function. But there is no objective argument for why high-order dam-
age functions should not be chosen for the same purpose. Higher order distributions can fit the
sparse historical data on climate impacts evenly well [Frisch, 2013]. Changing the quadratic dam-
age functions to higher-order damages functions has a big impact for all Integrated Assessment
Models as much more serious damages are then associated with higher levels of atmospheric
warming.

Regarding the climate sensitivity parameter, Nordhaus sets this at a value of txCO2 = 2.9.
This is roughly in the middle of the IPCC estimates. But the range specified by the IPCC ranges
from 1.5 to 4.5. Despite the efforts of climate scientist, the likelihood estimate of this range
has not been improved in the last 30 years [Weitzman, 2009]. By choosing a single value for
this parameter, Nordhaus internalizes a big risk of choosing the wrong parameter value for this
influential model component of the DICE/RICE model. To improve the model elements reflect-
ing the earth heating and damage relations, [Lingeswaran, 2019] implemented a way to sample
multiple probability density functions for the climate sensitivity parameter to draw from within
the DICE2013 model. In this way, the climate sensitivity parameter is treated as a deep uncer-
tainty and sampled across a range of values. Furthermore, [Lingeswaran, 2019] introduced two
additional damage functions, namely the Weitzman curve [Weitzman, 2009] and the Newbold &
Martin damage function. An additional used damage function will be the original damage func-
tion of RICE2010, which consists of a sea-level-rise (SLR) component. Especially the Weitzman
damage function can be seen as a hedge against extreme climate impact due to its inclusion of
fat-tailed climate impact.

6.4.2 Socio-economic uncertainties

The socioeconomic uncertainties in the original RICE model consist of the population growth,
the total factor productivity growth, the efficiency of production factors growth, the availability
of fossil fuels and the backstop uncertainties reflecting renewable energy technologies. Future
economic development is a key uncertainty regarding future CO2 emissions. In RICE, economic
development is exogenously driven by the total factor productivity (the level of economic effi-
ciency in a region) and population growth. Other key uncertainties are the ratio of the emis-
sion to GDP and the cost of the backstop technology, which determines CO2 abatement costs.
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[Lingeswaran, 2019] varied these key uncertainties by changing the original input parameters
over +/- 20 % range. There are two disadvantages with this approach: 1) population growth
and economic development are not independent of each other 2) the chosen range assumes pos-
itive economic growth for all scenarios, which neglects possible negative growth scenarios for
the global economy due to population and economic decline.

These disadvantages can be overcome by applying the well-established Shared Socio-Economic
Pathways by the IPCC for spanning up the uncertainty space until 2105. The IPCC community
has developed the SSPs to enhance inter-study comparison and translation of research findings
across disciplines within climate change research [Lamontagne et al., 2018]. Using the SSPs to
span the input space enhances not only comparability with other research but also results in a
more coherent and diverse scenario set. Because the SSP’s projection only project towards 2100,
using the SPPs has the implication that two uncertainty analysis will be conducted: 1) a short
term uncertainty analysis to assess the exposure to short term uncertainties towards 2105 and 2)
a long term uncertainty analysis to test for robustness on longer time frames. The main reason
for executing the long term uncertainty analysis is that the earth heating system has a slow re-
sponse to changes in the earth’s atmosphere. The full range of consequences of emission policies,
such as the level of sea level rise, will be felt well beyond the twenty-first century. Because the
IPCC projections only extend towards 2100 and no other detailed projections exist until 2300, the
ranges set by [Lingeswaran, 2019] will be used as input for the long term uncertainty analysis.

Figure 6.6: Shared Socioeconomic Pathway matrix, derived from Riahi et al. [2017]

SSPS naratives

In the following section, a quick overview will be given on the narratives of the SSPs. The fol-
lowing summary is based on the IPCC narratives published in Riahi et al. [2017], see figure 6.6.
It is important to note that, by far, not all narrative points in the SSPs can be adopted in the RICE
model. The RICE model structure is not detailed enough to be able to adopt all of these factors.
Figure 6.7 show how the narrative elements of the SSPs have been adopted in RICE.

SSP1 Sustainability – Taking the Green Road (Low challenges to mitigation and adapta-
tion) In SSP1, the world shifts gradually towards a more sustainable path. Inclusive develop-
ment, respecting the world’s environmental boundaries becomes important. Educational and
health investment accelerate the demographic transition towards lower population growth and
more focus is placed on human well-being instead of economic growth. Inequality is reduced
within and between countries.
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SSP2 Middle of the Road (Medium challenges to mitigation and adaptation) The global
community follows similar social, economic, and technological trends in respect to historical
patterns. Economic growth proceeds unevenly. The world makes a slow process in achieving
sustainable development goals. Population growth is moderate and slows down at the end of the
century. Income inequality persists and the vulnerability of societal and environmental shocks
remain unchanged.

SSP3 Regional Rivalry – A Rocky Road (High challenges to mitigation and adaptation)
Out of resurgent nationalism, countries focus increasingly on domestic and regional issues. As
a result of this the goal of energy and food policies shift towards their own regions at the ex-
pense of global mitigation efforts. Investments in education and technology decline. There is
slow economic growth, and population growth is high in developing countries and slow in the
established economies. Inequality is widened over time.

SSP4 Inequality – A Road Divided (Low challenges to mitigation, high challenges to adap-
tation) There are high unequal investments in human capital between regions leading to increas-
ing disparities in economic opportunities and political power between regions. There emerges
a gap between internationally connected societies that contribute to the high-tech sectors in the
global economy and the collection of lower-income, less-educated societies that mainly produce
goods in a labor-intensive low-tech economy. The global connected high-tech sector diversifies
with both investments in fossil fuels and low carbon energy sources. Environmental policies
focus mostly on local issues in high and middle-income areas.

SSP5 Fossil-fueled Development – Taking the Highway (High challenges to mitigation,
low challenges to adaptation) In this scenario, faith in competitive market innovation and par-
ticipatory societies remains to produce rapid technological progress as a way to sustainable
development remains high. Also, investments in health and education are vast. The urge for
strong development is accompanied by wide-scale use of fossil fuels. Resource and energy-
intensive lifestyles are adopted globally. Combined, all of these factors produce rapid economic
and population growth—the global population peaks in the 21st century. Nevertheless, the faith
to effectively manage environmental problems remains high, including the wide-scale adoption
of geo-engineering.
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SSP specification in RICE

Population development and economic development are dependent on each other. Therefore for
the short term uncertainty analysis, the GDP and Population parameters will be set in conjunc-
tion with each other. To be able to use the IPCC projections in the RICE model, the regions used
in the RICE model have been mapped with the country projections within the SSP data. Because
the IPCC does not provide total factor productivity statistics, as a workaround, SSP GDP level
forms the input for the economic development in the PyRICE model. The corresponding total
factor productivity is then calculated in the RICE based on the SSP GDP input data.

The figure below summarizes the SSP scenarios in relation to the corresponding variables in
RICE. The quantitative values for the discrete values for CCS and the emission ratios are derived
from Calvin et al. [2017]. The option of BECCS to be able to obtain negative emissions is added
to the RICE model which makes it compatible with the IPCC scenarios. Negative emissions have
been adopted equally to the implementation of negative emissions in the DICE2013 model by
[Nordhaus, 2014]. Although the SPPs build a coherent and highly detailed set of future scenarios,
they only reflect a limited view of five distinct scenarios of how the future might look like. The
SSPs are build up out of discrete levels reflecting unique time series. Lamontagne et al. [2018]
has used this to span up a factorial set of scenarios. This research takes a similar approach by
using a partial factorial sampling of the combined socioeconomic and climate uncertainty space.
By spanning up a factorial set of scenarios, a total of 35000 scenarios have been generated for the
short term uncertainty analysis.

Figure 6.7: Implementation of the SPPs as uncertainties in PyRICE
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When applying the MORDM-method, the first step is to generate new candidate policies. This
is done by using the alternative distributive principles within the PyRICE model for altering the
objective function. Then a Many Objective Evolutionary Search Algorithm (MOEA) is used to
discover Pareto optimal policies [Kasprzyk et al., 2013]. The objectives are the outcomes of in-
terest within the XLRM Framework. The XLRM framework further consists of the uncertainties
(X), the policy levers (L), the outcomes of interest (M) and relationships within the model (R)
Kwakkel et al. [2016]. Section 7.1 introduces how the eight combinations of distributive princi-
ples from chapter 4 are implemented as objectives for the search algorithm in PyRICE. Section
7.2 summarizes the implemented XLRM framework including the levers, model outcomes and
external factors.

7.1 implementation of distributive principles

Figure 7.1: Implementation of chosen distributive principles

Within chapter 4, eight combinations of spatial and temporal distributive principles have
been chosen to be applied within PyRICE. The principles have been selected as a result of the
literature review. Within the literature, alternative principles are often implemented within so-
cial welfare functions. For example, by applying a concave welfare function to operationalize the
Prioritarian distribution of welfare. The reason for doing this is that by implementing the prin-
ciple within the social welfare function, a single optimal solution can be found, e.g., the highest
aggregated utility policy. The concave welfare function thus acts as a form of aggregating of the
Prioritarian principle into one objective variable. Following Arrows impossibility theorem, the
decision problem is then transformed into a priori biased decision objective without knowing
in advance which element is biased [Franssen, 2005]. To overcome this, the alternative distribu-
tive principles are implemented as a many objective decision problem. A summary of how the
principles are operationalized is shown in figure 7.1. The following paragraphs highlight the
specification of the objectives of each principle.
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7.1.1 Prioritarian objectives

Prioritarian SWFs make use of a concave welfare function to favour utility gains of the worst-off
relative to utility gains of well-off individuals. Thus, the Prioritarian welfare function tries to
accomplish a continuous upward transformation of the position of the worst-off. To imitate this
transformation in the PyRICE model, the primary objective is to continuously improve the po-
sition of the worst-off income class. The worst-off income class is defined as the lowest income
quintile over all regions of the world in the RICE model.

Prioritarian objective 1: maximize: Cworst−o f f

where: Cworst−o f f = min[Cr,q for region r in quintile q]

Optimizing for only the lowest income class is insensitive to the distribution of climate dam-
ages. Therefore an additional objective has been added to the Prioritarian objective function; the
relative to consumption climate impact. An argument in favor of splitting the utility and dam-
ages as separate objectives has been made by Kulkarni [2020]. The argument is that besides the
consumption lowering effect of damages resulting from climate impact, damages in itself have a
disutility effect which needs be taken into account separately.

Crelative,t,r,q =
Dr,q ∗ Dφ

r,q

1/5 ∗ Lt,r
∗ 1

Cpost−damage,t,r,q
(7.1)

Prioritarian objective 2: minimize: Cworst−o f f−relative−consumption

where: Cworst−o f f−relative−consumption = min[Crelative,t,r,q for region r in quintile q]

7.1.2 Sufficitarian objectives

The Sufficitarian principle aims to minimize the number of individuals living below the thresh-
old level. Therefore the Sufficitarian welfare function can be seen as a discontinuous transforma-
tion of the consumption level of worst-off individuals under the threshold. This is different from
the Prioritarian principle which will always put more emphasis on the position of the worst-off
no matter his absolute position. The Sufficitarian principle only favors welfare gains for individ-
uals below the Sufficitarian threshold. Therefore, the Sufficitarian principle is indifferent to the
shape of the distribution above the threshold. As a practical solution for this, often the Utilitar-
ian threshold is applied for shaping the distribution of utility above the threshold [Adler, 2019].
This means that in scenarios where positive economic growth brings all income groups above
the threshold, policies are still optimized for utility maximization. In total, three main objectives
have been identified for the Sufficitarian principle:

Lbelow−tresh,t: Population living below the Sufficitarian utility threshold
Utresh,t: Maximum utility distance of consumption quintile q over regions r
Uaggr: Aggregated utility W over all regions r and periods t

which makes the Sufficitarian model objectives:

Sufficitarian objective 1 minimize: Lbelow−thresh,t
Sufficitarian objective 2 minimize: Uthresh,t
Sufficitarian objective 3 maximize: Uaggr
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7.1.3 Egalitarian objectives

In section 4.1, the Egalitarian welfare function has been introduced, which has the form of the
normal Utilitarian welfare function with a penalty factor that penalizes inequality within the
distribution of utility. This research takes a more strict Egalitarian approach by only specifying
objectives that steer the generated policies towards equality. This makes this principle rather
extreme, which eases the comparison because a broader distinction between principles can be
made. A total of four measures of inequality will be used. The first two objectives act as
measure for intergenerational inequality, namely intergenerational consumption inequality and
impact inequality. The intergenerational consumption inequality is expressed by the following
formula:

GINIinter−consumption =
∑n

i=1 ∑n
j=1 |Cworld,t=i − Cworld,t=j|

2n2 (7.2)

with: Cworld,t: the average global consumption of time period t

The intergenerational impact inequality is expressed by the following formula:

GINIinter−impact =
∑n

i=1 ∑n
j=1 |Dworld,t=i − Dworld,t=j|

2n2 (7.3)

with: Dworld,t: the average global climate impact per time period per time period t

The spatial inequality objectives are the spatial consumption inequality and the spatial cli-
mate impact inequality relative to consumption. High-income countries have consumption lev-
els that are a magnitude greater than lower-income countries. Thus the equal amount of climate
damage in dollars has a more significant effect in lower-income countries than in higher-income
countries. The intragenerational climate impact has therefore been defined relative to the region
consumption to overcome the problem of unequal comparison. The intragenerational consump-
tion inequality is expressed by the following formula:

GINIintra−consumption,t =
∑n

i=1 ∑n
j=1 |Cregion,t,r=i − Cregion,t,r=j|

2n2 (7.4)

where: Cregion,t,r: the average regional consumption at time period t in region r

The intragenerational impact inequality is expressed by the following formula:

GINIintra−impact,t =
∑n

i=1 ∑n
j=1 |Drelative,t,r=i − Drelative,t,r=j|

2n2 (7.5)

where: Drelative,t,r=j given by:

Drelative,t,r=j =
Daverage,r,t

Caverage,r,t
(7.6)
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7.1.4 Utilitarian objectives

In comparison with Nordhaus’s application of the Utilitarian principle, additional model objec-
tives have been added that aim to maximize period utility at various points in time (Utilitarian
objective 1). This is done to steer the Utilitarian principle in maximizing utility across the whole
run. The Utilitarian problem formulation has been set up using utility outputs already specified
in the original RICE model (see section 5.1). The two main Utilitarian objectives are:

Utilitarian objective 1: maximize: U(ct,r)
Utilitarian objective 2: maximize: W = ∑Tmax

t=1 ∑R
r=1 U(Ct,r)Lt,rRt

7.2 exploratory modeling setup
This research follows an exploratory modeling approach to evaluate alternative distributive prin-
ciples. Within chapter 3, the single scenario MORDM has been chosen as the primary method
for the exploratory modeling approach. Within this setup, the XLRM framework is used to de-
fine the simulation model. The XLRM framework consists of the external factors (X), the policy
levers (L), the outcomes of interest (M) and relationships within the model (R) [Kwakkel et al.,
2016]. Depending on the simulation method’s goal, these parameters are used to search over
interesting outcomes, search for new policies or to test policies on robustness.

Figure 7.2: Overview of the XLRM framework

7.2.1 External factors

The external factors form all input parameters that lay outside the control of the decision-maker.
Deep uncertainty exists in some of the external parameters. Deep uncertain factors are the pa-
rameters that have a large impact on the outcomes, do not have known probabilities of outcomes
and historical data is insufficient for estimating future values and/or experts disagree on the con-
sequences [Kwakkel et al., 2016]. Within RICE, an example of a deep uncertainty is the earth’s
climate sensitivity. All uncertain parameters within the PyRICE model are shown below. The
origin and setup of these uncertainties have been covered in section 6.4.

The socioeconomic and backstop uncertainties are set up using the shared socioeconomic
pathways. The climate uncertainties are drawn from Lingeswaran [2019], which include multi-
ple damage functions and distributions for the climate sensitivity parameter for DICE. As RICE
uses an aggregated global climate model, these climate uncertainties can directly be used within
RICE. Regarding the backstop uncertainties, an extra deep uncertainty has been introduced,
namely the availability of negative emission technologies. RICE2010 does not consider the possi-
bility of negative emissions, whereas DICE2013 heavily depends on negative emissions within its
optimal climate trajectory. Negative emissions are also used within many of the Shared Socioe-
conomic Pathways. But the social and technical feasibility of large scale negative emissions has
been questioned [Hallegatte and Rozenberg, 2017; Masson-Delmotte et al., 2018]. Because many
pathways that limit warming to 1.5 °C at the end of this century rely on negative emissions, it
resembles an important uncertain factor in the PyRICE model.
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Figure 7.3: Deep uncertainties in PyRICE

7.2.2 Policy levers

Within the RICE model, the levers are the control parameters that the social planner of each
region can control to reach desirable outcomes. The original levers of RICE2010 have been
extended with the additional levers originating from the implemented principles. For example
conditional discounting has been added to partly obtain the Prioritarian principle, see figure 7.4.
This implicates that in total, there are four separate planning problems.

Figure 7.4: Overview of policy space in PyRICE

The original RICE model only optimizes the savings rate and emission control rate to obtain
utility maximizing abatement pathways. In the reformulated version of PyDICE Lingeswaran
[2019] has argued that the pure rate of social time preference can be seen as an additional lever
as it determines how much we value future generations. This approach is also adopted in this
research. The savings rate and emission control rate are adopted as described in section 6.1. The
emission control rate has been set to a minimum of 2055 to constrain the generated abatement
strategies towards policies with a realistic abatement target. In the policy generation step, the
savings rate is determined that maximize the objectives of one the planning problems. This
means that the savings rate can be set much higher of lower then the end of horizon optimal
savings rate.

7.2.3 Model outcomes

The model outcomes form the objectives within the PyRICE model. For example, when search-
ing for new candidate global abatement strategies (a combination of the model levers), these
levers are ranked on the performance on the model outcomes. Comparable as for the model
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levers, the original RICE model objectives have been replaced with objectives that correspond
to the selected distributive view on the world by the social planner as introduced in section
7.1. This results in four distinct planning problems corresponding to a Utilitarian, Prioritarian,
Sufficitarian and Egalitarian view on the world.

The objectives have been specified for various points in time in order to achieve maximization
of the principle specific objectives across the whole run and to be able to identify intergenera-
tional trade-offs. During the policy generation step, all objectives, except the aggregated utility
and intertemporal equality objectives, have been optimized for 2055, 2105, 2205 and 2305. Thus
in the Utilitarian perspective, the social planner seeks to maximize aggregated utility at the end
of run and maximize period utility at 2055, 2105, 2205 and 2305 respectively. Regarding the
Prioritarian case, the social planner seeks to optimize the position of the worst-off both in terms
of consumption and relative climate impact. For the Sufficitarian case, the social planner seeks
to minimize the number of people and the distance of welfare to the threshold. When the global
population is above the specified threshold, the social planner seeks to maximize utility follow-
ing the less strict specification of the Sufficitarian principle by Adler [2019]. Lastly, within the
Egalitarian case, the social planner seeks to minimize inequality experienced in consumption
and climate impact between regions and between generations.

Figure 7.5: Overview of objective function per principle PyRICE

7.2.4 Model relationships

The model relationships (R) are derived from the original RICE model. These relationships con-
nect the external factors, levers and outcomes. Some extra model components have been added,
which are described and have been verified in chapter 6. The resulting model is connected with
the EMA-workbench, which is an open-source Python package for exploratory modelling and
analysis. The EMA-workbench consists of the tools that will be used to analyse the different
distributive principles, such as many-objective optimization, uncertainty analysis and scenario
discovery. These techniques will be introduced in the coming chapter.
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This chapter focuses on the introduction of the simulation methods that will be used to exe-
cute the MORDM method. This research applies the single reference scenario MORDM to the
PyRICE model. Figure 8.1 shows the steps of the MORDM method. First, the model is specified
by drawing from the operationalized distributive principles introduced in the preceding chapter.
Then a Many Objective Evolutionary Algorithm (MOEA) is deployed to search over the possi-
ble ensemble of all combinations of input levers. This will result in a Pareto approximate set of
strategies per alternative principle. The Pareto-set of non-dominated policies is then stress-tested
by sampling over the uncertainty input space. By using robustness metrics, policies are ranked
on how well they perform over multiple futures. Scenario discovery is applied to identify which
system conditions strongly influence the objectives and to identify interesting outcome clusters
[Kasprzyk et al., 2013]. The last step is comparing all results from the alternative distribution
principles with each other.

Figure 8.1: Single reference scenario MORDM method

In section 8.1, the choice of the search algorithm to find candidate policies has been high-
lighted. Section 8.2 states the Uncertainty Analysis approach which includes the sampling
method, the choice of robustness metrics and the feature scoring algorithm. Section 8.3 argues
which scenario discovery method has been chosen to cluster the outcomes of the uncertainty
analysis.

8.1 directed search: nsgaii & ε-nsgaii
The first step of the MORDM method is to identify candidate policies satisfy the principle specific
objectives. Thus, it is the goal to find Pareto optimal policy combinations of the input lever
space. This requires a search algorithm capable of finding the Pareto front even when dealing
with conflicting objectives. Many objective evolutionary algorithms have been developed for this
purpose. The general form of a search algorithm is indicated below, based on Bartholomew and
Kwakkel [2020].

1. A set of candidate policies is randomly generated and compared with the objective target

2. The best fitting options are used to generate new candidate policies
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3. Relevance of the new options is determined using the objective target in step 1

4. Candidate policies with the lowest relevance in the original set are replaced with items
found in the discovered set at step 2.

5. iterate from 2 until a stop condition is met

One of the earliest and breakthrough algorithm is the NSGAII search algorithm. NSGAII
makes use of a constant population size for each generation of tracked solutions. NSGAII was
one of the first algorithms to deploy Pareto dominance as a way to search and rank alternative
solutions to a decision problem [Reed et al., 2013]. Each search iteration, the algorithm employs
a Pareto sorting algorithm to find a new non-dominated set of solutions by combining the ex-
isting set of possible solutions and the newly found population of potential alternatives. This
results in a new set of non-dominated policy alternatives which forms the input for the next
iteration. In complex systems, due to the presence of uncertainty and conflicting objectives, it is
often not possible to reach the exact Pareto optimal front. Therefore the goal of the NSGAII, and
many other search algorithms, is to arrive at the approximate Pareto front [Kasprzyk et al., 2013].

The NSGAII algorithm was extended into the ε-NSGAII algorithm by building in ε domi-
nance in the sorting process, adaptive population sizing, and time continuation. Time continua-
tion is the injection of new policy solutions to improve the search step. Other MOEAs often used
fixed population sizes throughout the whole run. Whereas in ε-NSGAII, adaptive sizing and
time-continuation is done through a series of smaller runs. The search can start with a relatively
low population size to reduce computational cost. Then when a more stable set of alternatives
have been generated, more emphasis can be put on the selection of the Pareto approximate
set. Therefore the ε-NSGAII algorithm can find high-quality Pareto approximate sets efficiently
[Reed et al., 2013]. The desired level of precision is specified by the decision-maker through the
epsilon value. Solutions are only considered dominant if they fall outside the box determined
by the epsilon precision value.

Epsilon progress is used to assess the accuracy level of the found policy in the Pareto ap-
proximate set. Epsilon progress is a measure for new policies that are being added to the set of
non-dominated policy alternatives. Thus when assessing epsilon progress, you are looking for a
curve that has flattened, which indicates convergence [Reed et al., 2013]. Another convergence
metric for MOEAs is Hypervolume. Hypervolume is a measure of the possible policy space that
is being covered by the set of non-dominated policy alternatives found within the MOEA. When
the slope of the Hypervolume is flat, no new diversifying policy alternatives are added to the
Pareto front. Therefore these new policies are of lesser importance as they do not reveal any
new information about successful combinations of the policy levers. In this research, due to the
complexity of the decision problems and computational constraints, the focus has been laid on
the stabilization of the epsilon-progress. This is because Hypervolume adds considerable extra
computational burden for complex decision problems [Reed et al., 2013].
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8.2 uncertainty analysis
Uncertainty analysis makes use of a large number of possible scenarios as input for the model.
To sample across the uncertainty space, Latin hyper-cube sampling is used. Latin Hyper-Cube
sampling is chosen over Monte Carlo simulation. This is because Monte Carlo is a rather ineffi-
cient way of sampling as generated scenarios rely on pure randomness. This can lead to clusters
at specific intervals. In contrast to this, Latin Hyper-cube sampling ensures equal spread over
the input space by partitioning up the input space and selecting one sample per interval. Fur-
thermore, Latin Hyper-cube shuffles each input parameter to create an unbiased set [Kwakkel,
2017].

8.2.1 Features scoring algorithm

To assess the relative importance of the uncertainty analysis inputs, a feature score method will
be applied to the uncertainty outcomes. There are three main techniques for determining feature
importance: 1) Regression based methods 2) Decision tree based global sensitivity analysis (GSA)
and 3) Variance-based GSA. Variance based global sensitivity analysis has the advantage that it
can estimate not only relative importance but also the direct effect of an input parameter on one
of the output parameters. Because of these advantages, Variance-based GSA has become the de-
facto standard of assessing parameter importance in complex environmental models Jaxa-Rozen
and Kwakkel [2018]. But Variance GSA is computational expensive as the run time increases
linearly with the number of input parameters. Because the uncertainty analysis consists of over
a million scenarios, the Variance-based GSA has not been chosen to be applied in this research.

Classical regression-based techniques are less suited for non-linear models such as the PyRICE
model. For that matter, decision-tree based method offer better and more accurate performance
for non-linear models. Furthermore, Decision-trees methods perform well with heterogeneous
input data such as continuous or categorical parameters. Decision-trees based methods are well-
known within machine learning. Ensemble techniques such as Random Forest and Extra Trees
improve performance over single decision tree methods, such as CART, by fitting multiple trees
[Hapfelmeier and Ulm, 2013]. Both Random Forest and Extra Trees reduce the variance result-
ing from the usage of only one single tree by taking into account the predictions of multiple
trees. Extra-trees is faster than Random Forest because the cutting points at each node in the
tree are determined randomly instead through optimization in Random Forest. But at the final
step in Extra-Trees, optimal cut-off points are still selected over all trees. Therefore Extra-Trees
introduces randomization but also includes optimization in the building process of the trees.
Jaxa-Rozen and Kwakkel [2018] showed that Extra-Trees therefore outperforms Random forest
on establishing feature importance within the CDICE model. This is why Extra-Trees is chosen
as the feature scoring method within this thesis.

8.2.2 Choice of robustness metrics

During the uncertainty analysis, the candidate policies will be stress-tested over many different
scenarios. Robustness metrics are calculated as a way to aggregate the performance of a can-
didate strategy over all scenarios. Two categories of robustness metrics can be distinguished.
Statistical regret metrics consider the distribution of outcomes of interest over the tested scenar-
ios. Regret based metrics are calculated for every strategy in relation to each scenario. When
robustness metrics are calculated for each model objective, this enables robustness trade-off
comparison between objectives [Eker and Kwakkel, 2018]. This is of particular usages in cli-
mate models as a decision-maker is interested in conservative and robust pathways regarding
atmospheric warming but could be more willing to accept a lower robustness level on other
parameters.

Numerous robustness metrics can be chosen as a proxy for robustness. Examples are the
Maximin, Minimax, Maximin regret, Hurwicz optimism-pessimism rule, Laplace’s principle
ofinsufficient reason and the mean/standard deviation [McPhail et al., 2018]. Often different
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robustness metrics measure different ’kinds’ of robustness. For example, the Minimax (strict
robustness) metric is a worst-case approach that looks for the best performance under the worst-
case analyzed. These are often rare combinations of the uncertainty parameters with a significant
impact on the outcomes. However, because these combinations are rare, this robustness metric
does not provide a good proxy for actual robustness across all scenarios [Bartholomew and
Kwakkel, 2020].

For assessing robustness in the uncertainty analysis, the minimax regret metric has been
chosen due to its high risk-adversity. Minimax regret, better known as the Savage criterion,
tries to minimize regret to the worst-case scenario [Eker and Kwakkel, 2018]. The Minimax
compares the situation of what the decision-maker did and what he could have done if he
could perfectly predict the future. The Minimax then minimizes this regret [Bartholomew and
Kwakkel, 2020]. Because the Minimax regret is so risk-averse, the mean/standard deviation
metric has been selected as an average indicator for robustness across the full range of scenarios.
The Mean/Standard deviation metric is adopted from the signal to noise ratio in control theory.
It determines the mean and standard deviation of the performance of candidate policies over all
scenarios. The mean/standard deviation seeks a strategy that has a good average performance
with little variation around the average performance [Eker and Kwakkel, 2018].

8.3 scenario discovery methods
Scenario discovery is the process of finding vulnerabilities of candidate policies. The goal is
to find clusters of model runs that can be labeled into understandable combinations of model
parameters where robust policies perform well or poorly [Bryant and Lempert, 2010]. This can
be challenging as the outcomes of 35000 individual scenarios will be computed across many
strategies. Therefore only candidate policies that have performed well during the policy search
and have high robustness will be subjected to clustering.

8.3.1 Clustering methods

To cluster the outcome space, many clustering techniques can be used. PRIM and CART are com-
monly used clustering methods to cluster outcomes during the Scenario Discovery step within
the MORDM method. PRIM is a bump hunting algorithm that refers to the process of mapping
out local regions where the target function of interest has lower or higher values than its average
across the entire space. CART is a binary tree-based classification algorithm that can be used for
the classification of binary outcome regions.

Another commonly used algorithm within scenario discovery is Time Series based Clustering
techniques. The aim of Time Series Clustering algorithms is to cluster a group of times series
into two or more subset with high similarity within each subset while having a low similarity
between the subsets [Liao, 2005]. Therefore, time series clustering has the potential to better
account for dynamics over time within Scenario Discovery. For example, when climate impacts
suddenly drop near the horizon, a time series clustering algorithm should be able to distinguish
this dynamic from suddenly rising climate impact to that some point. Clustering based on single
points would miss these kinds of dynamics. A second benefit to scenario clustering is that the
whole outcome space is partitioned in clustered instead of a small subset within other techniques
[Steinmann et al., 2020].

Overall, time series clustering has numerous advantages over PRIM or CART, especially in
the RICE model, which focuses on abatement pathways over time. Furthermore, the whole
outcome space will be partitioned into clusters that will help to form coherent conclusions of
the effects of the different principles. Therefore time series clustering will serve as the primary
clustering technique within the scenario discovery step.
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8.3.2 Time series clustering

There are three main approaches for time series clustering, namely feature based, data-based
and model based. The feature-based try to identify time series properties such as the number of
peaks and amplitude [Lingeswaran, 2019]. Time series are then compared in terms of similarity
across these properties. Data-based approaches compare data points between time series and de-
termine similarity using a distance function. Model-based approaches try to fit a mathematical
model on each time series, for example, using linear regression. Then similarity is based on the
parameters that are fitted on the time series [Steinmann et al., 2020].

Steinmann [2018] have found that data-based approaches such as the complexity-invariant
distant (CID) method perform well to identify tipping points in non-linear systems. Within this
approach, the Euclidean distance is determined between each time series. This distance is then
corrected by the estimated complexity of the distance, which is calculated as the root of the sum
of the squares of every distance difference between two observations. This correction is done
because complex time series are often estimated too far apart than they truly are within cluster-
ing methods [Batista et al., 2011]. The CID measure is implemented within the EMA-workbench
and can therefore relatively easily be used. Due to its good performance on non-linear systems
and its availability in the EMA-workbench. The data based CID similarity approach has been
chosen as time series clustering method.

After calculating the distance matrix containing all distances between all time series, a hi-
erarchical agglomerative clustering algorithm is used to build the clusters of time series. This
bottom-up clustering algorithm lets each observation start into its own cluster. Then pairs of
clusters are merged or split based on a certain linkage criterion, which is a measure of dissim-
ilarity or a cluster [Yim and Ramdeen, 2015]. Clusters are determined based on the complete
linkage criterion which measures similarity of two clusters based on the similarity of its most
dissimilar members in the cluster. A drawback of the complete linkage criterion is that it pays
to much attention to outliers that do not fit well within the cluster [Schütze et al., 2008]. An
important advantage of the complete-linkage approach is that it overcomes the chaining phe-
nomenon drawback present within single-linkage clustering where clusters are formed because
single items lie close to each other and are merged together. Instead, complete linkage tends to
result in more compact clusters with equal diameters [Liao, 2005].
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9 G E N E R AT I O N O F A LT E R N AT I V E
T R A J E C TO R I E S

Within this chapter, the alternative distributive principles in the PyRICE model will be used to
generate new abatement pathways. Their performance will be compared with the Nordhaus
policy under the reference scenario. Firstly, in section 9.1, a Many Objective Evolutionary Algo-
rithm (MOEA) is applied to each problem formulation to search for Pareto optimal strategies.
Section 9.1.1-9.1.4 introduce the generated policies for the Utilitarian, Prioritarian, Sufficitarian,
and Egalitarian principle. Section 9.2 summarizes the chosen example policies for each princi-
ple and evaluates the outcomes of the Nordhaus strategy (9.2.1) and the alternative strategies
under the reference scenario (9.2.2).

9.1 directed policy search
For each problem formulation, representing one of the four distributive principles, the MOEA
has searched for candidate policies that score higher on the reference scenario on principle
specific objectives. Due to the complexity of some of the optimization problems, the Pareto ap-
proximate front of some principles was large. For example, for the Utilitarian principle, more
than 800 Pareto approximate optimal candidate strategies have been identified. It is not pos-
sible to test all of these strategies for robustness due to the computational burden. Therefore,
after policies were generated, example policies have been chosen. Example policies have been
selected based on diversity and ability to span up the whole lever space to test all principle
components.

To what extent the search algorithms look for new candidate solutions is controlled by the
amount of NFE. When the NFE is set too small, convergence is not reached, and potential
optimal solutions are missed. When NFE is set to high, an unnecessary long computation is
executed to obtain the Pareto set. To increase the likelihood that the full policy space has been
covered during the search phase, each of the optimization problems was sampled across NFE
= 200000. During the first iteration of the strategy search, full spread across the whole policy
space was not obtained. Because optimal policies concentrated on specific principle combina-
tions. Therefore, the Utilitarian and Sufficitarian optimization problems have been constrained
to search for candidate policies across the full lever space. For example, to ensure that found
Utilitarian policies have elements of prescriptive and descriptive discounting. The constraints
have limited the complexity of the optimization problem. Based on the higher complexity
of the Utilitarian search problem, NFE was set to 75000 and 10000 for the Sufficitarian prob-
lem. From figure 9.2, it becomes apparent that convergence has been reached for each of the
optimization problems as the curve has flattened for all optimization problems.
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Figure 9.1: Epsilon progress four optimization problems

9.1.1 Alternative Utilitarian policies

In total, 882 alternative Utilitarian policies have been generated during the directed search.
The policy space of the Utilitarian policies has been reduced by selecting the 50 top policies
based on aggregate welfare. An overview of these top 50 policies can be seen below in the
parallel coordinates plot. Each line represents a policy combination that is part of the Pareto
approximate set of generated policies. This means that each of these policies scores at least
better on one of the objectives than the Nordhaus optimal policy.

Figure 9.2: Generated Utilitarian strategies

Figure 9.2 shows that Utilitarian policies have homogeneous emission control rates and
savings rates that match the Nordhaus optimal policy. The savings rates are all near 0.248, and
the emission control rates in the range of 13. From the 50 policies, a total of five, of whom
three descriptive and two prescriptive policies have been selected with an equal spread across
the lever space.
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9.1.2 Alternative Prioritarian policies

For the Prioritarian case, a total of 64 alternative Prioritarian policies have been generated
(figure 9.3). These policies form the Pareto approximate front for the Prioritarian problem
formulation. Prioritarian policies tend to have a stringent emission control target as most
policies reach zero emissions within the 2065 to 2105 period.

Figure 9.3: Generated Prioritarian strategies

9.1.3 Alternative Sufficitarian policies

The generated 34 alternative policies (see figure 9.4) possess very similar savings rate and social
rate of time preference. Because of the usage of the optimistic Nordhaus reference scenario, the
Sufficitarian objectives (e.g., threshold distance & population under threshold) are minimized
over time. In combinations of policy inputs where this is the case, the optimization problem is
reduced to maximizing aggregated welfare. This favors lower IRSTP values and an optimized
savings rate regarding total economic output over time. The emission control rate is more
stringent than the Utilitarian case. Because faster abatement minimizes the number of people
under the threshold.

Figure 9.4: Generated Sufficitarian strategies
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9.1.4 Alternative Egalitarian policies

Applying the directed search to the Egalitarian principle resulted in 52 Egalitarian Pareto
optimal policies. In comparison with the other principles, Egalitarian strategies are more
spread across the lever space. Egalitarian objectives can be optimized by slow and high climate
action and by a low and high savings behaviour of households. The explanation is that by
saving less, current inequality is reduced due to increased consumption. Saving more in the
short results in higher equality in the long term. The same holds for higher emission control
rate targets. Slow targets of net-zero well beyond 2150 result in lower inequality in the short
term. While stringent emission control rate targets have the potential to reduce inequality in
the future. For both Egalitarian temporal principles, four example policies have been selected.

Figure 9.5: Generated Egalitarian strategies

9.2 summary generated strategies
The figure below shows the abatement pathways for each principle. Most Egalitarian strate-
gies require a slow abatement pathway. Only one Egalitarian policy demands rapid abatement
reaching net-zero emissions in 2070. As expected, Utilitarian pathways possess similar path-
ways as the Nordhaus (Utilitarian) pathway. The Sufficitarian and the Prioritarian pathways
have faster abatement pathways than the Nordhaus policy, with Sufficitarian pathways being
the most stringent relative over all individual policies.

Figure 9.6: Abatement rate development of each example strategy
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Appendix D summarizes the characteristics of all example policies regarding the emission
control rate, the savings rate, IRSTP, and the setting of the principle specific intergenerational
levers.

9.2.1 Reference scenario outcomes of Nordhaus policy

Within the assumed Nordhaus optimal policy, economic growth will substantially reduce in-
equality in consumption within generations. In the long run, climate impact on the worst-off
will rise to 5% in 2100, and 12.5 % in 2305 of economic consumption. Because climate impact
is still low in the short run, spatial climate impact inequality remains low initially. But rising
damages, in the long run, increase inequality in climate impact. Furthermore, climate damages
do not peak when emissions peak due to the slow response of the earth heating to the damage
system due to the impact of sea-level rise on the socioeconomic system. This magnifies impact
inequality between generations. For a full evaluation of the base case, see Appendix C.

9.2.2 Reference scenario outcomes alternative policies

In general, the Prioritarian strategies achieve the highest protection for the lowest income
groups. But also, the Sufficitarian strategies result in high-income levels for the worst-off. Al-
though the difference in absolute economic consumption with the Utilitarian and Egalitarian
strategies is small. This is because the worst-off performance is partially locked in the econom-
ically optimistic Nordhaus reference scenario. Nevertheless, under the Nordhaus policy, the
relative climate impact endured by the worst-off is almost two times higher than in the best
performing Prioritarian policy at 2305. There is a clear negative relationship between higher
atmospheric warming and a weaker performance on the Prioritarian objectives (Appendix E:
fig E.1)

The high levels of economic growth lead to rapid consumption growth in the lower-income
countries. This quickly reduces the number of people under the Sufficitarian threshold while
reducing inequality in consumption between regions. This shows the importance of the eco-
nomic scenario in determining inequality and the economic position of the worst-off. Relative
climate impact for the worst-off is severe within some Egalitarian strategies; up to 40 % of
income is lost due to climate impact caused by almost no emission reduction. Across all strate-
gies, inequality in climate impact between generations rises even when atmospheric warming
decreases after peaking.
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In the previous chapter, alternative strategies have been discussed that were generated by
applying distributive principles to the PyRICE model. Strategies were optimized over the
reference scenario of Nordhaus 2010. In this chapter, the strategies’ performance is stress-
tested over multiple possible futures to assess the robustness of each strategy. Section 10.1
states the taken approach of the uncertainty analysis. Section 10.2 gives an overview of the
most important short-term uncertainty analysis outcomes until 2105 including the robustness
scores. Section 10.3 states the relative importance of the short term uncertainty inputs. The
strategies are also tested on their long term vulnerability to climate uncertainties (section 10.4).
Section 10.5 states the summary of the uncertainty analysis.

10.1 uncertainty analysis approach
Within the uncertainty analysis, two questions regarding uncertainties have been investigated.
1) How do the distributive principles perform under the Shared Socioeconomic Pathways set
by the IPCC community. And 2) What is the exposure to long term climate vulnerabilities
for each principle? To answer both questions, two separate uncertainty analyses have been
conducted.

10.1.1 Short term uncertainty analysis

The first part of the uncertainty analysis makes use of the SSPs to span up the uncertainty
space. The socioeconomic and climate uncertainties are sampled across their corresponding
ranges, hereby obtaining 35000 unique scenarios. Compared with the original SSPs scenarios,
which only apply five distinct scenarios to IAMs, the principles are tested across a much richer
set of scenarios. The 35000 scenarios are applied for all generated policies and the Nordhaus
policy, resulting in a total of 1.05 million individual simulation runs.

Figure 10.1: Overview of short term uncertainty space, based on Riahi et al. [2017]

10.1.2 Long term uncertainty analysis

The second uncertainty analysis focuses on long term uncertainties until 2305. The long term
uncertainty analysis has been set up using the ranges from Lingeswaran [2019], see figure 10.2.
The input space is largely based on Nordhaus estimates. This forms the advantage of utilizing
a coherent set of inputs. However, the disadvantage is that the reference scenario of Nordhaus
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is somewhat optimistic as projected economic and population growth are high, and efficiency
gains are positive. Although the variety of the long term scenario space is limited, the analysis
is still useful to evaluate exposure towards long term vulnerabilities. Furthermore, it can be
evaluated if the short term performance is consistent with the long term performance. To limit
the computational burden of this analysis, the long-term uncertainties have been sampled
across 25000 unique scenarios. In combination with the 30 individual policies, this resulted in
a total of 750,000 simulation runs.

Figure 10.2: Overview of the long term uncertainty space, based on Lingeswaran [2019]

10.2 short term vulnerabilities
The following paragraphs highlight the most important outcomes from the short term uncer-
tainty analysis. The full overview of figures displaying the distribution of the outcomes can be
found within Appendix F. The short term uncertainty analysis consists of three parts:

1. Identification most important relations (section 10.2.1 to section 10.2.3)

2. identification most influential uncertain factors (section 10.3)

3. Robustness comparison of each strategy (section 10.4)

10.2.1 Influence of the economic scenario

The reference scenario’s performance showed that the economic scenario co-determines the
maximum height of economic objectives such as the worst-off income, inequality in consump-
tion, and total GDP. This relation is confirmed by figure 10.3, which shows distinct clusters in
the uncertainty outcomes for the total world GDP in 2105. For example, high growth scenarios
such as the Nordhaus reference scenario and SSP5 lead to distinct clusters with high levels of
global GDP. But, these clusters are not reflected in the utility levels due to differences in the
used discount rates. Lastly, extremely low cases for economic output occur relatively more
within the Egalitarian case than within the other principles.
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Figure 10.3: Distribution of period Utility economic scenario & principle

The economic scenario is also influential in determining levels of inequality both between
generations and within regions. High growth scenarios such as SSP5 and medium growth
scenarios (SSP1) can lead to low inequality between regions in 2105. There is a trade-off be-
tween economic growth in regions and between generations. In outcomes with less inequality
between regions, there is higher inequality between generations. Within many scenarios, Egal-
itarian strategies result in the highest level of equality. Surprisingly some Utilitarian strategies
result in higher equality than Sufficitarian and Prioritarian objectives. The absolute differences
in principles in intertemporal utility equality are small. This indicates that all outcomes have
some level of inequality between generations due to economic growth.

Figure 10.4: Distribution of spatial Egalitarian utility objectives

The economic scenario is also influential in determining the number of people living under
the minimum acceptable welfare level. Figure 10.5 shows the population’s distribution under
the Sufficitarian threshold across principles and the economic scenario. For every principle,
the same relation holds that in less economically optimistic scenarios (SSP1 & SSP4), a larger
share of the population lives below the Sufficitarian threshold. The variance is smaller for
the Prioritarian and Sufficitarian strategies. This indicates that these strategies minimize the
number of people under the threshold locked-in by the economic scenario.
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Figure 10.5: Distribution of population under threshold

10.2.2 Influence of the distributive principles

The impact inequality between generations (figure 10.6) shows that the Egalitarian and Utili-
tarian principles result in more extreme cases. The high amount of severe cases suggests that
these principles have lower robustness to extreme climate impact cases. The Prioritarian and
Sufficitarian principle outcomes are more concentrated at the lower range of impact inequality.
This is surprising as you would expect that the Egalitarian principle would perform best at
equalizing impact. Regarding impact inequality within generations, all principles show that
regional impact inequality will be significant in most scenarios. This means that lower-income
regions are hit relatively harder compared to high-income regions. There is no direct relation
between the applied principles and resulting impact inequality within generations. This indi-
cates that other parameters play a more critical role, such as the economic scenario and the
elasticity of damages.

Figure 10.6: Distribution of spatial impact inequality in 2105

The importance of the applied distributive principle is visible in the distribution of the
outcomes of the Prioritarian objectives. Figure 10.7 shows the economic consumption of the
worst-off income class and the relative climate impact on their pre-damage consumption. It
is clear that in the bulk of the scenario outcomes, the temperature increase in 2105 is in the
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2 to 4 degrees range. This results to up to 30 % loss of consumption due to climate impact
consistent for every economic scenario. Positive outcomes (low relative climate impact) are
more prevalent for the Prioritarian and Sufficitarian strategies. Whereas the Egalitarian and
Utilitarian principles show fat-tailed risk behaviour with a concentration of cases where 100%
of income is lost due to climate impact for the lowest 20% income group. From the right
figure in 10.7, it becomes clear that the Prioritarian and Sufficitarian strategies result in less
atmospheric warming over all scenarios due too the more stringent emission abatement targets.

Figure 10.7: Principle and scenario distribution of relative climate impact

10.2.3 Relation to the elasticity of damages

Figure 10.8 shows the relationship between the SSP-economic scenario and the economic con-
sumption for the worst-off. As indicated earlier, the economic scenario determines the maxi-
mum height of the lowest income group. Even in very optimistic economic scenarios, such as
SSP5 and Nordhaus scenario, with enough climate impact, the economic consumption of the
lowest 20 % can be severely reduced. This is indicated by the dots going to the left in figure
10.8.

Figure 10.8: Distribution of relative climate impact for the lowest 20%
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Because of the economic scenario’s importance to determine economic outcomes, the in-
fluence of the applied distributive principle is less apparent. Earlier results have indicated
that the Sufficitarian and Prioritarian have better protection against climate extremes, which
should protect against extreme low outcomes of economic consumption for the worst-off. This
relation is not directly visible here but shall be assessed within the scenario discovery, chapter
11. The occurrence of low consumption levels for the worst-off in high-temperature scenarios
can be explained by figure 10.9. This shows the relation between the elasticity of damages and
the applied economic scenario. The elasticity of damages expresses the assumed distribution
of climate impact across income groups. What is apparent for every economic scenario is that
when the poor are relatively more affected by climate change, this can push the lowest income
group back into poverty. This holds for the more extreme variant of elasticity of -1 but also in
the case of the more conservative e = 0.

Figure 10.9: Distribution of economic position of the worst-off
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10.2.4 Short term strategy robustness

For each of the 30 strategies, the SNR and Max-regret robustness metric have been calcu-
lated over the outcomes of all 35000 scenarios. The SNR metric is an indication for average
performance across all objectives, whereas the Max-regret metric indicates robustness against
worst-off cases. Figure 10.11 shows the relation between the SNR score and the Maximin regret
criterion for each strategy.

Many Utilitarian policies, including the Nordhaus policy, have high exposure to max-regret
scenarios. The same is true for 5 of the 8 Egalitarian strategies. The Prioritarian and Suffici-
tarian strategies have significantly less exposure to regret cases. At the same time, average
robustness is equal or higher compared to the Egalitarian and Utilitarian principles. The dif-
ference in performance regarding Max-regret is explained by that Prioritarian and Sufficitarian
policies have earlier net-zero targets. This protects against extreme climate impact, negatively
affecting multiple model outcomes such as relative climate impact, total global damages, and
the Sufficitarian threshold objectives.

Figure 10.10: Robustness score short terms uncertainty comparison
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10.3 influence of short term uncertainty inputs
Feature scoring is used as a way to identify the relative importance of input parameters over
a set of outputs. Figure 10.10 shows the feature score heat map based on an extra-trees regres-
sion over all 1.05 million outcomes of the total short term uncertainty. In general, the feature
scoring results confirm the results found in the initial vulnerability analysis. The high feature
score of the economic scenario for many outcomes, such as the Prioritarian and Egalitarian
objectives, is clearly visible in the heat-map. The economic scenario mainly determines the
height of the relative climate impact, the consumption of the lowest 20 %, the population liv-
ing under the threshold, and the total output in 2105.

The efficiency scenario is more influential than the economic scenario in determining indus-
trial emissions. This means that efficiency gains can contribute significantly to determine the
outcomes of climate policies. What is surprising is the relatively low influence of the climate
uncertainty parameters, such as the climate sensitivity parameter, in determining the model’s
outcomes. Although the damage function and the elasticity of damages are influential for
determining the relative climate impact and population under the threshold.

Figure 10.11: Feature score of input parameters short term uncertainty outcomes
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10.4 long term vulnerability analysis
The socioeconomic drivers of the long term uncertainty input space are less diverse. Therefore,
the focus lies on the influence of climate-related uncertainties on the strategies’ long-term
robustness.

10.4.1 Vulnerability of long term outcomes

The long-term uncertainty analysis outcomes show that the bulk of the runs has low damages
(Appendix H: fig H.1). Consistent with the short term uncertainty analysis, the Utilitarian and
Egalitarian strategies are over-represented in extreme cases of damages and lower economic
output both in 2205 and 2305. The Weitzman Newbold damage functions contribute to ex-
treme cases of low utility under high-temperature outcomes. But generally, the distribution of
the damage function over Utilitarian objectives is similar.

Surprisingly, all principles outperform the Egalitarian principle in equalizing climate im-
pact inequality across generations in the long term (Appendix H: fig H.3). The explanation
for this is twofold; the other principles tend to have better-optimized savings rates, which lead
to more sustained economic growth in the long run. Furthermore, faster abatement simply
leads to less climate impact in the long run. This increases equality in climate impact as the
difference in climate impact experienced by current generations and generations in the next
centuries is reduced.

Figure 10.12: Long term uncertainty outcomes Prioritarian objectives

A clear distinction in principle performance can be found regarding the Prioritarian ob-
jectives (figure 10.12). This shows that the Prioritarian and Sufficitarian strategies are more
robust regarding the Prioritarian objectives. In the long run, the bulk of the Utilitarian out-
comes are in the range of the 2 - 5 Celsius range. Even extremer temperature increases are
observed for the Egalitarian strategies. This leads to higher climate impact in the long run for
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both the Egalitarian and Utilitarian strategies. The same behavior is observed for the optimal
Nordhaus policy. The relative climate impact distribution in 2205 and 2305 shows fat-tailed
risk characteristics with extreme cases with complete loss of consumption. These severe cases
are more prevalent for the Utilitarian and Egalitarian principle.

There is a clear distinction in scenarios where negative emissions are feasible and where
these negative emissions are not possible (right figures of fig. 10.12). Negative emissions are
vital for obtaining low atmospheric increases (0-1.5 degrees) in 2205 and 2305. Although this
effect only has a limited impact on the resulting economic position of the worst-off. This is due
to the optimistic economic growth assumptions in the long term economic uncertainty space.

10.4.2 Long term strategy robustness

The same robustness metrics have been calculated over the long term uncertainty outcomes as
done in the short term analysis. The general image is that the results in the long term are con-
sistent with the short-term. Furthermore, the results show that, compared with the short term
robustness, more distinct behavior in performance between principles can be distinguished
(figure 10.13). The Egalitarian and Utilitarian strategies form a group of low average and high
regret robustness. Prioritarian objectives have high average performance and medium to high
regret. Whereas the Sufficitarian strategies form a separate group of high average and low
regret performance. This shows that the Prioritarian and especially the Sufficitarian focused
policies tend to pay-out in the long run compared to Utilitarian and Egalitarian strategies. The
difference between the Prioritarian and Sufficitarian strategies can be explained by that Suffici-
tarian tend to possess faster abatement pathways, which offers better protection from the more
extreme cases. However, this cannot explain all differences because there are also Prioritarian
policies with fast abatement targets. The difference could arise because the savings rate of
Sufficitarian policies is better optimized for the overall economy due to Utilitarian objectives
present in the Sufficitarian problem formulation.

Figure 10.13: Robustness score short terms uncertainty comparison
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10.5 summary short & long term uncertainty analysis
In the previous paragraphs, the generated principles have been stress-tested via an extensive
uncertainty analysis. The 30 policies have been sampled across thirty-five thousand scenarios
that tested the policies’ performance over the SSP uncertainty space. Twenty-five thousand
scenarios have been sampled across the long term uncertainty space. Robustness metrics have
been computed to have an overview of each policy’s performance across all scenarios. With
these combined results, the fifth research question can be answered:

Research question 4

What is the influence of deep uncertainty present within climate change on the
performance of the tested distributive principles?

Prioritarian and Sufficitarian strategies show consistently higher robustness against climate
extremes in both the short and long term, with Sufficitarian principles also having higher
average robustness. Prioritarian policies perform well under more positive economic scenarios,
especially in the long term. Sufficitarian policies seem to protect more against climate extremes
and therefore have low regret robustness across all cases. Egalitarian and Utilitarian strategies
suffer from exposure to extreme climate events due to slow climate action. When focusing on
the Utilitarian principle, the best performing strategy applies prescriptive discounting instead
of descriptive discounting, which has a comparable average performance compared to the
Nordhaus policy but considerably lower exposure to climate extremes. Egalitarian policies
put too much emphasis on achieving equality, hereby foregoing by the economic optimality of
strategies, leaving everybody worse off.

Figure 10.14: Characteristics most robust strategy per principle

The next step in the analysis is the scenario discovery step in chapter 11. To limit the com-
putational burden, the best performing strategies, in terms of robustness, have been selected
for each principle (figure 10.14). Strategies have been selected mainly on the short-term robust-
ness score as the short-term economic scenarios are more diverse. Therefore, the ensemble of
scenarios in the short term also emphasizes negative economic growth futures compared to
the long term uncertainty analysis. Only if best-performing short term strategies performed
extremely bad in the long term, they have been replaced with strategies that have a better
long-term performance. This is how Utilitarian policy 370 has been selected.
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In the previous chapter, the robustness of the principle specific strategies has been assessed.
This chapter will identify the most critical outcome spaces that will lead to undesirable and de-
sirable outcomes. Firstly, the worst-case discovery will show which combinations of scenario
inputs lead to worst-case outcomes (section 11.1). These form the perfect storm conditions for
each principle. In the time series clustering step, outcome regions of interest will be identified
(section 11.2) by using the agglomerative clustering results. Furthermore, the outcomes have
been clustered on their temperature outcomes in 2105 to compare the alternative principles
with the Nordhaus policy. Section 11.3 shows intergenerational trade-offs within the Egalitar-
ian and Prioritarian principle. Lastly, section 11.4 summarizes the findings of the executed
scenario discovery.

11.1 worst case discovery
A worst-case scenario discovery has been run over the uncertainty space. The results have been
split up into the composition of worst-case scenarios over the socio-economic uncertainties and
the worst-cases regarding climate uncertainties. The directed search for the worst combinations
of uncertainty inputs has been executed principle objective specific. For example, one of the
Egalitarian case’s search objectives was to find the combinations of uncertainty inputs that lead
to high inequality between regions.

11.1.1 Composition of worst-case climate uncertainties

Figure 11.1 Appendix J.1 shows that the Weitzman damage function is over-represented in
worst-cases for the Utilitarian and Egalitarian principle. This is because the Weitzman curve
is sensitive towards more extreme heating outcomes. Especially the Egalitarian principle show
high sensitivity towards Weitzman, with around 80% of Egalitarian worst-off outcomes. This is
because Egalitarian strategies involve higher temperature increases due to slow climate abate-
ment.

Figure 11.1: Composition of climate input uncertainties for worst-cases
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Lower fossil fuel availability limits lead more often to worst-case outcomes for the Priori-
tarian principle. For the Sufficitarian principle, higher fossil fuel limits are over-represented
(Appendix J.1). The availability of fossil fuel works as a limit on the maximum height of in-
dustrial emissions. When higher emissions are possible, this harms Sufficitarian goals leading
towards worst-case outcomes. Whereas lower emission possibilities in the Prioritarian case re-
sult in fewer possibilities for the required catch-up process to improve the worst-off’s economic
position.

11.1.2 Composition of worst-case socioeconomic uncertainties

All principles are sensitive to low-efficiency scenarios of the economic production factors. Rel-
atively more worst-off cases have been found that do not consider the possibility of negative
emissions. But the difference is not very significant (60 to 40 % split). Both the Prioritairan
and Sufficitarian strategies have an over-representation of high elasticity of damages scenarios
within their worst cases (Appendix J.2).

The feature scoring analysis has shown that the economic scenario is the most influential
uncertainty. Prioritarian worst-case outcomes tend to concentrate around SSP1 ’Taking the
green road’ and SSP2 ’Middle of the road’, which is surprising. These SSP narratives should
possess favorable conditions for equitable growth. One explanation is that lower GDP growth
scenarios in combination with the Weitzman damage curve, high elasticity of damages, low-
efficiency growth, and no negative emissions result in perfect-storm conditions that minimize
the Prioritarian objectives because no economic catch-up process can take place.

The Utilitarian and Sufficitarian strategies tend to have more worst-case outcomes in higher
growth scenarios. An explanation is that these higher growth scenarios, combined with less
stringent emissions targets, more often lead to high climate impact, negatively affecting overall
utility for the Utilitarian case. For the Sufficitarian strategies, the perfect storm consists of high
growth, the Weitzman damage function, fat-tailed Cauchy climate sensitivity, high prices for
renewable, no negative emissions, and slow efficiency growth. This forms the ideal conditions
to push income groups below the Sufficitarian threshold in extreme climate impact situations.

Figure 11.2: Composition of socio-economic uncertainties for worst-cases

66



scenario discovery

11.1.3 Worst-case outcomes

The worst-cases’ Prioritarian and Sufficitarian outcomes (figure 11.3) are significantly lower
than the base case outcomes under the Nordhaus reference scenario (figure 11.3). The worst-
off income class’s consumption level in the worst cases ranges from 0 - 2.000 $. While in the
base case, the worst-off income class rises towards 40 thousand $. Low worst-off consumption
levels are not limited to more extreme values for elasticity of damages but are also possible
for the more conservative elasticity damage = 0. Similar differences in outcomes are observed
for the Sufficitarian case. In the base case, the population below the threshold swiftly drops
towards zero as the world economy grows. In the worst cases, the number of people living
under the Sufficitarian threshold can expand from 500 million in 2005 to 2 or 3 billion in 2105,
depending on the combinations of scenario inputs.

Figure 11.3: Composition of Prioritarian and Sufficitarian worst-case outcomes

The worst-case outcomes also show that the quick removal of inequality in the reference sce-
nario can be opposed in many worst-case scenarios. Inequality levels in consumption between
regions can become higher in 2105 than in 2005 (Appendix J: fig J.4. Consumption inequality
between generations is expanding in worst-case scenarios leaving future generations consid-
erably worse-off than the current generation compared to the base case. Extreme levels of
inequality regarding climate impact can be observed under the influence of the Weizmann
damage function with GINI-indicators surpassing 0.9. In comparison, this is a greater level of
inequality than the most unequally divided nation income distribution on earth. Furthermore,
perfect storm conditions for high climate impact (see above) can lead to situations with very
low levels of utility for the Utilitarian case in the long term.
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11.2 time series clustering
In the previous chapter, based on the combined robustness score of the short- and long-term
uncertainty analysis, for each principle, one strategy has been chosen as input for the scenario
discovery. Scenario Discovery is aimed at structuring the uncertainty output to find inter-
esting clusters of behaviours. This research has utilized time series clustering based on the
complexity-invariant-distance, which has been introduced in 8.3.

The chosen time series clustering method in chapter 8 has an O(n2) relation, making it
not easy scalable towards bigger data sets as run time increases exponentially. It is therefore
not feasible to cluster the full outcome space of the uncertainty space at once. As a practical
solution to this problem, a sub-set of 15000 runs of each policy have been clustered. Appendix
K, figure K.1 gives an overview of how the silhouette width score has been used to assess the
appropriate number of clusters.

The uncertainty analysis has shown overall principle differences in performance. This
chapter will focus on strategy specific performance. Several questions remain unanswered.
For example, how does the Nordhaus policy performance compare to the most robust policies
found in chapter 10, such as the Prioritarian policy 19 and Sufficitarian policy 30?

11.2.1 Alternative emission pathways under the SSP scenarios

Firstly, the emission pathways have been clustered regarding their resulting warming in 2105

and SSP economic scenario (Figure 11.4). The analysis is supported by the agglomerative
clustering results in appendix K. It is apparent that the Egalitarian and Nordhaus policy are
over-represented in higher temperature outcomes. Both 80 % of the Egalitarian and Nord-
haus runs result in a temperature increase above 2 degrees at the end of this century (see
Appendix K: fig K.2). Thus, in many scenarios, the Nordhaus policy fails to keep warming to
levels required by the Paris Agreement. For the Sufficitarian strategy, 50 % of the runs keep
warming below 2 degrees, and extreme warming above 3 degrees is rare (< % 8 of the runs).
The Prioritarian performs even better with keeping 65 % of the runs below 2 degrees and
reaching only 2 % of the cases above 3 degrees at the end of this century. This is explained
by the fact that the Prioritarian policy aims at net zero 10 years before the Sufficitarian strategy.

Although the need to fast abatement seems high to prevent worst-off cases, figure 11.4 also
shows high emission pathways that limit warming to 2 degrees Celsius in 2100. These path-
ways are rarer, less than 14 % and 21 % of the Egalitarian and Nordhaus strategy. These are
pathways with very low climate sensitivities that allow higher emissions without strong warm-
ing. As expected SSP5: Fossil fuel development is over-represented regarding high warming
outcomes across all strategies. While SSP4 en SSP3 are over-represented in medium to high
warming outcomes between 3 and 5 degrees.

Secondly, the results show that negative emissions are very important in the cases without
a low climate sensitivity to obtain low heating outcomes. Thus, there is considerable depend-
ability on reforestation & afforestation, and BECCS to limit warming. With the large scale
deployment of CDR, limiting warming to 2 or preferably to 1.5 degrees is possible within
many scenarios within the Sufficitarian and Prioritarian strategies. However, a group of sce-
narios (29 %) reaches higher atmospheric warming in the range of 2 to 3 degrees or higher at
the end of this century with negative emissions. This shows that even with the most stringent
abatement policies thinkable, high-temperature outcomes are still a possibility because of high
climate sensitivities.
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Figure 11.4: Emission pathway per principle, atmospheric heating outcome and economic scenario

11.2.2 Atmospheric warming and relative climate impact for the worst-off

The figure below shows the Prioritarian and Nordhaus strategy results for relative climate
impact clustered on five temperature labels. The Nordhaus policy leads to higher relative
climate impact levels for the worst-off compared to the best performing Prioritarian strategy
(Policy 19). In 20 % of the scenarios, more than 30 % of the consumption at the lowest levels is
lost due to climate change impact. This is only roughly 3 % for the Prioritarian strategy. Only
10% of the pathways of the Nordhaus policy limit warming to 1.5 degrees. For these cases, it
keeps relative climate impacts lower than 25%.

Figure 11.5: Sufficitarian and Nordhaus strategy relative climate impact clustering
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11.2.3 Atmospheric warming and global climate impact

The Nordhaus policy is outperformed in terms of overall damages to the economy. The Suffici-
tarian policy acts as a hedge against extreme climate impact, with only a few cases surpassing
the 100 trillion $ in 2105. Although the difference with the Nordhaus policy is less significant
compared to the relative climate impact. Many scenarios still result in a low level of damage
up to 20 trillion $ in 2105. The observed behavior regarding damages is not because the overall
economy is bigger see section 11.2.4.

Figure 11.6: Sufficitarian and Nordhaus strategy global damages clustering

11.2.4 Effect distributive principle on global economic output

In the previous section, significant higher damages were present for the Nordhaus policy. One
common argument in favor of the Utilitarian principle is that it may lead to more serious
damages, but still, the optimized economic output compensates for that. The figure below
shows that this reasoning does not hold. Compared with the Sufficitarian policy, the world
economy’s size is equal for both strategies in many scenarios. This is also the case for the Pri-
oritarian policy 19. In the Utilitarian Nordhaus policy, more cases with declining world GDP
exists, represented by the lines going sharply down. Furthermore, the Sufficitarian strategy
performs better than the Nordhaus policy: high economic output cases (global output > 500)
are more frequent in the Sufficitarian strategy.

Figure 11.7: Sufficitarian and Nordhaus strategy global output clustering
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11.2.5 Protection of the consumption level of the worst-off

The clustering results show that the lowest income level declines significantly to the end of
the century in the Nordhaus policy in many scenarios. This is consistent with the previous
analysis, with high relative climate impact occurring in 20 % of the scenarios. Especially the
yellow and red clusters show rapidly deteriorating economic levels for the worst-off. The
Prioritarian policy is more robust, with fewer cases show deteriorating income levels. Worst
cases are also mostly prevented within the Prioritarian policy. But the average difference
between the Prioritarian and Nordhaus policy is not so big. This is because climate impact is
small in the first decades because of the slow response of the earth’s heating system.

Figure 11.8: Prioritarian and Nordhaus strategy worst-off consumption clustering
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11.3 intergenerational trade-offs
Climate change is a commonly used example of intergenerational justice. To support the
analysis of intergenerational trade-offs, present in the alternative distributive principles, the
long term trade-offs within the Egalitarian and Prioritarian objectives have been analyzed.
This is also because their temporal component did not affect the generation of strategies within
these principles (see section 12.2: limitations)

11.3.1 Trade-offs within the Prioritarian principle

Figure 11.9 shows the worst-off income development across four time periods. High abatement
efforts in the Prioritarian policy result in lower economic growth in the short term because of
the high mitigation costs. Therefore economic growth is suppressed, which affects income
growth for the worst-off groups. Income growth of the worst-off group starts to accelerate
beyond 2105. Thus, the Prioritarian strategy has the trade-off that the worst-off position in
the short term is sacrificed to improve the worst-off’s economic situation in the long-term. In
some cases, the sacrifice by previous generations is not enough. In extreme cases, consumption
declines after 2205 due to delayed climate impact caused by sea-level rise.

Figure 11.9: Intergenerational trade-offs worst-off consumption

Although income growth starts to accelerate for generations living around 2100, this is
counteracted by the rising climate impact in that same period (see development relative cli-
mate impact, Appendix L1 - L4). Then, the lowest income groups’ consumption becomes
significantly lower than it could have been without climate change. Under favorable condi-
tions, relative impact peaks around 2105 to decline afterward. In non-favorable conditions,
climate impact further rises or stabilizes after 2105.
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11.3.2 Trade-offs within the Egalitarian principle

Previous results have shown that the Egalitarian principle tends to favor lowering inequality
today by low climate action and low savings behavior. Or to prevent higher inequality in
the future by strong climate action and higher savings. This can be observed in two example
policies policy 14 (slow abatement) and policy 42 (high abatement). In the slow abatement
policy, inequality in consumption can ’bounce’ back towards present inequality levels. The
’bouncing back’ is independent of the economic scenario (figure 11.10). Contrary to that, the
high abatement Egalitarian policy reduces spatial inequality in all tested scenarios. The level
of inequality reduction depends on the economic scenario.

Figure 11.10: Trade-offs spatial inequality in consumption, low inequality 2305

Figure 11.11: Trade-offs spatial inequality in consumption, high inequality 2305

The trade-off plots of impact inequality (Appendix L: fig L.6) show that in both Egalitarian
policies (slow and fast abatement), impact inequality between regions remains high. Thus,
the economic catch-up process is not enough to oppose the negative effect of the low-income
regions’ rising climate impact. There is a clear trade-off between generations in that rela-
tive climate impact peaks in 2105 and starts to decline to 2205 and 2305. This occurs mostly
in scenarios where temperature peaks around 2100 and declines afterward combined with a
temperature-dependent damage function such as Weitzman and Newbold. In scenarios where
the damage function also considers sea-level rise, relative climate impact can rise even when
atmospheric warming drops. This confirms the large intergenerational inequity that occurs
when severe sea-level rise is triggered.
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11.4 summary of scenario discovery
The scenario discovery made it possible to distinguish significant behavior differences over
the tested strategies’ model objectives. The worst-case discovery identified the characteristics
and outcomes of the worst-case vulnerabilities. Together, these insights can answer the sixth
research question:

Research question 5

Which clusters and trade-offs are present within the outcomes of the alternative
abatement strategies?

First of all, no trade-off has been found between following ’economy optimal’ Utilitarian-
led strategies and more equitable trajectories concerning the height of total global GDP. Utilitarian-
led strategies actually have a worse overall economic performance compared to the Sufficitar-
ian and Prioritairan strategies. Furthermore, the Utilitarian policies are more exposed to the
perfect-storm conditions identified in the worst-case discovery.

Sufficitarian policies perform better at reducing the risk towards climate extremes. While
the Prioritairan strategy has a better overall performance in improving the worst-off’s eco-
nomic position, especially in positive economic scenarios. Within the Sufficitarian strategy,
there is a trade-off between reducing the risk of lowering economic growth and minimizing
exposure to climate extremes. Whereas within the Prioritairan principle, there is the trade-off
between striving for higher consumption levels for the worst off and higher exposure to ex-
treme cases. Utilitarian and Egalitarian strategies are more exposed to high economic growth
scenarios with lower efficiency growths such as SSP5 and the Nordhaus reference scenario. In
contrast, the Prioritarian and Sufficitarian approaches are more susceptible to lower growth
scenarios.

Regarding trade-offs in intergenerational justice, the best performing Sufficitarian policy
adopts an ’inheritance-discounting’ principle. This implicates that utility is only discounted
when future generations inherit the world the same or better as it is today. For all Sufficitarian
strategies, inheritance discounting resulted in the most robust strategy. Inheritance discount-
ing is less conservative than Sustainable Growth discounting (SDU) as the SDU requires some
level of economic growth to discount future utility. Thus, there is a trade-off between placing
too much emphasis on future generations (SDU) and strategy performance across all scenarios.
An explanation is that putting too much focus on future generations results in conservative
strategies regarding savings rate and emission abatement rates. This then negatively affects
overall economic performance.

Within the Utilitarian strategies, the best performing strategy is a prescriptive discounted
strategy. This underlines that if more emphasis is placed on future generations, more conser-
vative and robust policies can be obtained. This prescriptive strategy has the same average
performance as the Nordhaus policy but significantly better robustness against climate ex-
tremes. Within Egalitarian strategies, strong intergenerational trade-offs are present between
the present and future generations. Egalitarian strategies tend to favor either consumption
growth in the short term (low savings abatement) or in the long term (high savings abate-
ment). Slow abatement policies fail to sustainably reduce inequality over all periods because
of rising climate impact.

Prioritatian and Sufficitarian strategies sacrifice a part of the worst-off economic consump-
tion in the short term to improve the economic well-being of later generations. Although
income growth rises after 2100 for the Worst-off, this generation can be relatively most affected
by climate change especially under the Weitzman and Newbold Dignaut damage function.
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12 R E S E A R C H L I M I TAT I O N S

In this research, an exploratory modeling approach has been applied to the RICE model in
which distributive principles have served as the input for a Many Objective Robust Decision
Making (MORDM) approach. An overview of four prominent distributive principles within
IAM analysis has been made for the Utilitarian principle, Egalitarian, Sufficitarian and Prior-
itarian principle. To apply these principles to the RICE model, several model elements have
been added. The single objective of aggregated utility has been replaced with an ensemble
of principle specific objectives. Pareto optimal strategies have been generated, from which 29

strategies have been chosen as example strategies. These 29 strategies have been stress-tested
for their performance across a diverse set of scenarios in both the short term (to 2105) and in
the long term (2305). The characteristics of the worst-case outcomes have been identified. Fi-
nally, the uncertainty outcomes have been used to perform a clustering of the result to identify
interesting outcome regions.

Considerable practical decisions had to be made to make this analysis possible and feasi-
ble within the limited time available. This chapter lists the limitations of this research and
considers how the limitations have influenced the research findings. First, the limitations of
the RICE model to serve as an example IAM will be assessed. Then the limitations to the
generated policies will be given. Finally, an overview will be given of the limitations of the
analysis concerning the example policies’ outcomes.

12.1 model limitations
The RICE model is a scientifically grounded simple IAM commonly used in climate research to
assess the relationship between climate change and the economy. But still, its model structure
resembles a simplified image of the world. The RICE model lacks important socio-economic
drivers such as changes in educational level and lifestyle changes, which are present within
the SSPs [Masson-Delmotte et al., 2018]. Therefore, it was not possible to incorporate all SSP
narrative components in the PyRICE model. There is no one to one mapping of the SSP out-
comes in more complex models concerning the PyRICE model’s outcomes. Thus, the research
results are not entirely comparable with the more complex IAMs built to fit the SSPs. This
needs to be kept in mind when comparing the outcomes in chapter 13.

One example of a simplified model component in PyRICE is the economic model. Within
PyRICE, the savings rate converges towards one equilibrium value in all regions. But in re-
ality, the savings rate would be dynamically altered under different climate impact scenarios.
For example, if there would be more climate impact and uncertainty, the economic rationale
would be to save more. Furthermore, the return on capital would also not be static but would
be affected [Fankhauser and Tol, 2005]. Both developments can have a significant impact on
the trajectory of global emissions.

Although the RICE model consists of a climate sub-model with a sea-level rise component,
the implemented climate sub-model is still relatively simple. A more detailed climate model
can also improve the accuracy regarding changes in land usage, which is set to a constant
emission contribution in RICE. Furthermore, RICE lacks a good representation of non CO2
feedback loops, such as permafrost components, which can lead to an underestimation of the
longer-term temperature response [Hallegatte and Rozenberg, 2017].
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Although this research uses more diverse input scenarios than the SSPs, the GDP-Population
component was an influential driver of the uncertainty analysis results. The GPD-population
component was entirely based on the SSP scenarios. Therefore, the used scenarios resemble
the characteristics of the SPPs in terms of population and economic development. Although
this makes the research results more comparable to the SSPs, it limits the diversity of the used
35000 scenarios. Thus, not the full potential of economic developments has been fully covered
for the short-term uncertainty analysis. Nonetheless, this is partially resolved by the long-term
uncertainty analysis, where economic drivers have been sampled over a continuous range. This
enhances diversity, although the growth in the long run scenario was always positive for every
region. This implicates that the uncertainty analysis step lacks a continuous exploration of
negative economic growth scenarios, especially on more extended time frames.

12.2 generation of alternative strategies
The alternative strategies have been generated using the Nordhaus reference scenario. This
resulted in policies that are optimized for an optimistic economic scenario. Furthermore, the
policies were not optimized for extreme outcomes such as low efficiency, Weitzman damage
function, Cauchy distributed climate sensitivity, and so on. Although, the Nordhaus reference
scenario still includes the SLR driven damage function. Compared with the DICE2013 model,
this results in greater damages due to the ongoing impact decoupled from atmospheric warm-
ing. Therefore, the reference scenario still considers relative high climate impact compared to
other IAMs, which could have improved the generated policies’ robustness.

Second, it is important to highlight the limitation of using only one economically optimistic
reference scenario for generating strategies. It is possible that the order of robustness, where
the Sufficitarian and Prioritarian strategies have the highest robustness within this research,
could change if the principles were optimized over multiple scenarios. This could mean that
other distributive principles would perform better and obtain more equitable strategies when
implemented in IAMs. Although it seems unlikely that the Utilitarian policy would outper-
form the Sufficitarian and Prioritarian principle. This is because these principles already allow
minimal climate impact to occur, even in the optimistic reference scenario.

Due to computational constraints, not all policies could be stress-tested for uncertainty.
Only 30 out of roughly all 500 generated policies in the approximate Pareto set have been
tested. Because these strategies have been chosen on their diversity to span the entire policy
space, some non-chosen policies may have higher robustness than the selected policies. But
the uncertainty analysis has shown that principle specific clusters can be identified within the
uncertainty analysis results. This indicates that performance difference is not strategy but prin-
ciple specific. This gives confidence in the results because, in that case, altering the distributive
principle in IAMs can have a significant effect on obtaining more robust and equitable emis-
sion abatement pathways.

The Prioritarian and Egalitarian problem formulation only made use of Prioritarian and
Egalitarian goals. No classical Utilitarian objectives are present within the problem formu-
lation. The strict formulation of the Prioritarian and Egalitarian principle means that utility
considerations did not influence the generated policies’ optimization direction. Therefore in-
tergenerational aspects that involve discounting and utility levels did not influence the opti-
mization process. Although this approach is consistent from a distributive principle point of
view, analyzing intergenerational distributive components’ influence was more difficult. Be-
cause zero discounting or conditional discounting did not influence the generated policies. No
conclusion can be attached to how these components steer the strategies in a specific direction
and what this means for intergenerational trade-offs.
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12.3 limitations of the outcome analysis
The limitations of the outcome analysis consist of two major pitfalls. Firstly, not all generated
policies have been applied to the scenario discovery step. This could have the result that some
vulnerabilities of the generated policies have been missed. Because of computational limita-
tions, no clusters have been made between policies and also not between principles. This is one
of the drawbacks of the exploratory approach where so much data is being generated, which
is difficult to fully utilize. However, the robustness score has provided a basic metric of the
performance of each principle specific policy on each objective. This partly overcomes that not
all policies have been clustered. Another limitation is that within each policy set of scenario
outcomes, not all scenarios have been used as input for the clustering step. This was because
the computational burden was too large. Finally, the randomized selection method does not
guarantee an equal spread of all scenario outcomes in the clustering set. This might have left
some high impact cases out of the clustering set.
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13 I M P L I C AT I O N S F O R I N T E G R AT E D
A S S E S S M E N T M O D E L S

One of this thesis’ goals was to investigate whether alternative distributive principles can help
overcome the inequities arising from applying the Utilitarian principle in Integerated Assess-
ment Models. This is reflected in research question 6:

Research question 6

How can Integrated Assessment Models benefit from the usage of alternative
distributive principles?

To answer this question, first, a reflection is performed on the relationship between robust-
ness and alternative distributive principles (section 13.1). Then in section 13.2, the alternative
principles’ performance is discussed and reflected on. Thirdly, a normative reflection on the
ethical principles’ performance has been carried out (section 13.3). This leads to proposed
improvements for the RICE model and Integrated Assessment Model in general (section 13.4).

13.1 distributive principles and robustness
Within the results, the emphasis has been placed on the robustness of principle specific abate-
ment strategy via the SNR average robustness and the Max regret criterion. But what is the
moral relation between robustness, robustness metrics, and distributive justice?

Within Utilitarian CBA, often the approach to deal with uncertainty is to obtain probabil-
ities of all possible states [Adler, 2019; Hammond, 1981]. Then, all expected utilities can be
calculated to rank each strategy [Fleurbaey, 2018]. But often, in the presence of deep uncer-
tainty, this is not possible as the probabilities are unknown. There exists little literature on
the connection of distributive principles, deep uncertainty, and robustness metrics. But some
literature exists on the connection between intergenerational distributive justice and uncer-
tainty. Within the Utilitarian principle, one approach to deal with uncertainty is the usage of
Declining Discount Rates to deal with uncertainty in future rates of return [Arrow et al., 2014;
Freeman et al., 2015]. The rationale is as we do not know what the economic situation and
corresponding market rate will be in the future, we should take a cautious approach and only
discount in the short term [Dasgupta, 2008]. Similar ideas form the basis for the conditional
discounting schemes implemented in both the Prioritarian and Sufficitarian principles. Here,
discounting is only applied when future generations are better off as a hedge against negative
consequences for future generations. For the Egalitarian case, no discounting is applied, indi-
cating that the present and future generations should be valued equally in terms of uncertainty.

What does this implicate for the relation between robustness metrics and the applied dis-
tributive principle? As negative shocks have the most profound effect on the lower-income
regions, the Sufficitarian and Prioritarian principle by nature favor robustness gains regarding
regret. The social planner’s priority is then to improve the position of the worst-off or prevent
sub-minimal welfare levels. Regarding the Egalitarian principle, average robustness is favored
as this ensures good average performance across many possible scenarios. This contributes
to an equalizing effect in as many scenario’s as possible. Within the Utilitarian principle, it
depends on whether the prescriptive or descriptive view is chosen. The prescriptive approach
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places more emphasis on future generations, indicating that regret-based robustness is val-
ued higher than the descriptive view. The following section (section 13.3) will argue that it is
more just to adopt Sufficitarian/Prioritarian principles given the injustices in current climate
governance. Therefore more emphasis should be placed on the regret robustness metric.

13.2 discussion of alternative principles
The following paragraphs reflect on the main findings of using alternative distributive princi-
ples in IAMs in relation to the Nordhaus policy. The Prioritarian and Sufficitarian principles
possess very similar characteristics, such as early abatement target years, which is why these
are taken together in the discussion of the alternative principles.

13.2.1 Prioritarian & Sufficitarian principle

Compared to the Utilitarian policies, including the Nordhaus principle, Pareto approximate
Sufficitarian and Prioritarian policies have faster abatement targets. They reach net-zero emis-
sions in 2065 to 2100 compared to Utilitarian strategies aiming for zero emissions in 2135.
Within the optimization process of abatement strategies, the minimum emission control rate
target year is capped at 2065 to obtain realistic reduction targets. Many Sufficitarian and Pri-
oritarian strategies have emission targets near the minimum target year. Thus, if policymakers
would place more emphasis on the position of the poor and vulnerable, significantly faster
abatement trajectories would be preferred by IAMs. These results are in line with [Dietz and
Asheim, 2012; Dennig et al., 2015; Adler et al., 2017] that climate abatement strategies become
more stringent under Prioritarian and Sufficiatarian goals. The fact that many Sufficitarian
and Prioritarian policies have near minimum target year outcomes shows that even faster
abatement than 2065 would be preferred if that would be an option. This indicates that all
extra warming is sub-optimal to protect the poor and vulnerable compared to the economic
gains reaped from slower abatement. This differs significantly from the Utilitarian principle,
where the emission control rate target is concentrated in the range of 2115 - 2135. This allows
significant warming to occur in the range of 2-4 degrees Celsius and considerate economic
damages in the process.

In the Ramsey–Cass–Koopmans growth model, the savings rate co-determines the level of
consumption [Nordhaus, 2011]. The savings rate in the Prioritarian policies spans a broader
range compared with the Utilitarian strategies. In contrast, the savings rate within Sufficitar-
ian strategies is more comparable with that of many Utilitarian strategies. An explanation
for this is that the Sufficitarian principle shares the goal of utility maximization above the
threshold, hereby having similar characteristics as the Utilitarian principle. Within the Prior-
itarian principle, lower savings rates are justified in the short term to improve the worst-off
position. However, in the RKC-model, very low savings rates are problematic because they
are sub-optimal economically in the long-term. Moreover, they are also not consistent with
current market savings rates. The Prioritarian principle aims at maximizing the economic po-
sition of the worst-off. In the PyRICE model, this can only directly happen from lowering
the savings rate. But it can also be done by various economic re-distributional policies, for
example, by capital transfers from high-income regions to lower-income regions and capital
transfers within regions. These policy options are not tested within this research. Still, low
savings rates indicate that redistribution in the short term is required if policymakers would
emphasize Prioritarian goals for climate governance.
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Prioritarian & Sufficitarian strategies outcomes

The outcomes of the scenario discovery have shown that in Utilitarian abatement strategies, the
lowest income group’s economic consumption is lower than that of the Sufficitarian and Prior-
itarian principle. Furthermore, Sufficitarian and Prioritarian principle have lower regret in the
short- and in the long term because faster abatement protects from the most extreme cases. Suf-
ficitarian and Prioritarian policies protect better against extreme cases where the earth would
be extremely harsh for lower-income groups. Furthermore, the long-term uncertainty analy-
sis indicates that Sufficitarian and Prioritarian principles have higher overall robustness. This
means that they perform better on all objectives across the scenarios than the Nordhaus policy.
Thus, the Utilitarian principle might perform well on aggregated objectives. But it is outper-
formed by the Sufficitarian and Prioritarian strategies on protecting the poor and minimizing
the number of people ending up under the threshold. Overall, this indicates that Prioritarian
and Sufficitarian principles contribute more to sustainable and equitable growth of the world
economy.

Regarding the Sufficitarian strategies, the problem of specifying the Sufficitarian thresh-
old remains. In many cases, economic growth is such that the total world population lives
above the threshold level. Thus, the suffictiarian principle’s usefulness to steer to equitable
re-distributional abatement trajectories is sensitive to the height of the Sufficitarian threshold.
This study had difficulty specifying the threshold as minimum consumption norms differ from
country to country, and poverty is often measured relatively [Adler, 2019]. Within this research,
the minimum Sufficitarian threshold was specified as the extreme poverty line by the World
Bank, increasing with the average global economic growth. The start threshold level was set
over a range of 700 to 2400 $ a year to test this threshold’s sensibility. Relatively low sensitivity
to the threshold has been found in this research. Because all sufficitarian policies with various
threshold levels performed well. Therefore, the Sufficitarian threshold can be seen as a protec-
tor against hazardous climate change instead as the minimum welfare level. In this way, the
threshold resembles the level of robustness required to protect against extreme climate change.
This also explains why the most robust Sufficitarian policy has the highest starting threshold
level of 2400 $.

13.2.2 Egalitarian principle

Compared to the Nordhaus (Utilitarian) policy, the performance of the Egalitarian principle is
more mixed. Within the Egalitarian strategies, slow abatement and fast abatement are deemed
optimal depending on which objective is optimized. The results clearly show that formulating
climate policies solely on the need for equality has significant negative side-effects on the ex-
perienced climate damage, economic consumption, and therefore on experienced utility. This
underlines the critique on Egalitarian policies that the Egalitarian principle leads to higher
equality but results in a situation where everybody is worse-off [Adler, 2019]. Low savings
rates imply that inequality is minimized in the short term as economic consumption of the
worst-off is shifted up, thereby decreasing relative inequality. This has the side effect that in
the long term, sustained growth is smaller. This leaves everybody worse-off in the long term.
A similar effect occurs with slow abatement targets, which lead to higher consumption in the
short term due to the absence of costly climate abatement. But it leads to negative economic
consequences in the long run due to the exposure to extreme climate impact. Higher savings
rates can increase economic welfare in the long term, thereby lowering intergenerational in-
equality. However, extreme high savings rates tend to increase inequality within regions as
consumption levels between countries are amplified.

No Egalitarian policy has been found that has high robustness in both the short and long
term. This does not mean that the Egalitarian principle does not have its merits for climate
policy formulation. In this research, the Egalitarian formulation has been extreme as the egal-
itarian principle only focuses on reducing inequality. This specific optimization is blind to
the economic optimality of a generated strategy. Therefore, many Egalitarian strategies in the
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Pareto approximate set have considerable negative side-effects. This study found that Egalitar-
ian objectives can be a good indicator for unevenly distributed climate impact, as shown by
the impact of sea-level rise in worst-case scenarios. This can help to inform policymakers on
evenly distributed climate impact.

13.2.3 Utilitarian principle

Within the Utilitarian principle, two specific cases of the Utilitarian approach have been tested:
the Utilitarian principle under prescriptive and descriptive discounting. Surprisingly, the
significant difference in abatement trajectories found in the Stern review (prescriptive) com-
pared to that of the Nordhaus policy (descriptive) was not found in this research. Descriptive
approaches did not result in slower abatement trajectories compared to the prescriptive ap-
proaches. This does not mean that the discount rate does not affect the formulation of abate-
ment trajectories. For both the descriptive as the prescriptive case, multiple points in time have
been optimized, thereby lowering the effect of a single aggregated objective in the DICE/RICE
model. More importantly, the PyRICE model assumes that even when lower discount rates
are enforced, return on capital stays high. This lowers the effect of using much lower discount
rates. If different capital returns relative to the discount rate had been adopted, the difference
between the prescriptive and descriptive approach would probably have been more significant.
Still, on average, the descriptive method results in a ten-year difference in reduction target,
with the prescriptive approach requiring faster abatement. This matches previous literature
that prescriptive discounting demands for faster emission reductions [Stern, 2007; Dasgupta,
2008].

The prescriptive strategies do have a lower savings rate than the descriptive policies indicat-
ing that economic development should be slow down or that economic consumption should
be increased if more emphasis is placed on later generations. The analysis also shows that
other Utilitarian policies outperform the original Nordhaus policy in terms of robustness. This
shows that the procedure in which the optimal Nordhaus policy has been generated is suscep-
tible to the specific model setup.

13.3 normative assessment of principles’ equitability
In the previous sections, the Nordhaus policy has been compared to the alternative strategies.
This showed several key take away points: Prioritarian and Sufficitarian strategies call for im-
mediate climate action, while Utilitarian policies only demand for medium but still challenging
abatement speeds. Egalitarian strategies focus either on reducing equality within regions or
between generations by extreme investment patterns and low or high abatement rates.

However, which principle works best overall? What can be said about which principle
should be used within Integrated Assessment Models? Which principle makes alternative cli-
mate abatement principles more equitable?

What is at the core of this discussion is what is seen as more equitable. This goes back
to the beginning of this research, which started by introducing the double inequity present in
global climate change. Low-income regions have historically contributed the least to already
induced climate change. Furthermore, their current per capita emissions are an order size
smaller than that of western regions such as the United States, Australia and Europe. Future
climate impacts, which this research showed could be very severe, will be felt hardest by those
who bear the least guilt of climate change. Because of these deep inequities regarding climate
change and its effects, this research makes the case that the global community has the responsi-
bility to protect the vulnerable from the detrimental effects of climate change. This means that
more emphasis should be placed on regret based robustness to account for negative shocks
that especially affect the lower bound of the income hierarchy (see section 13.2.1). The ques-
tion is then, which principles contribute the most to meet this objective?
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First, the rationale of many economists has been that by optimizing economic growth, we
can invest ourselves out of the climate crisis [Storm, 2017]. For example, by making the eco-
nomic pie big enough, everybody will be better off. This idea is adopted in IAMs through
the objective of utility maximization. This research shows that this argument does not hold.
The Utilitarian policies perform worse on overall economic growth due to higher exposure to
negative shocks. Furthermore, Utilitarian policies do not lead to an economic pie that is big
enough for the vulnerable to overcome exposure to extreme climate hazards. In many cases of
the Utilitarian runs, the worst-off 20 % is worse off than it is now. Or it will not experience the
consumption growth that it could have had under Prioritarian and Sufficitarian policies.

Secondly, regarding the Egalitarian principle, this resulted in a more equal distribution of
climate impact and economic consumption. However, this comes at the cost of high absolute
levels of climate damages and low overall economic output. Regarding the low-income regions
globally, this means a double blow as lower economic growth leads to fewer opportunities for
a catching-up process. Furthermore, high climate impact results in a further deterioration of
the bottom 20 %. This can not be the goal of policymakers trying to oppose inequities arising
from climate change. Therefore, the stand-alone strict Egalitarian principle is not suitable as a
dominant new principle for Integrated Assessment Models.

Finally, regarding the Sufficitarian and Prioritarian policies, especially the Sufficitarian poli-
cies are the most robust. This can be explained from the fact that the Sufficitarian principle
combines utility maximization with a correction at the bottom of the distribution in the form
of the Sufficitarian threshold. Also, the Prioritarian strategies that focus solely on the worst-
off’s economic position performed well in overall robustness compared to the other principles.
Thus, the Prioritarian and Sufficitarian principle generate policies that are optimized in eco-
nomic terms and corrected at the bottom of the income distribution. Therefore, Integrated
Assessment Models can benefit most from adopting parts of the Prioritarian and Suffitarian
problem formulations. This not only improves overall economic performance but also increases
robustness. This will lead to better protection of the poor and vulnerable, which is desperately
needed in climate abatement trajectories. Only then, the double objective of reducing economic
inequalities while protecting the environment can be achieved simultaneously.

13.4 repairing the utilitarian based iam
In the previous section, the case has been made that Utilitarian based IAMs are in need of
improvement via the adoption of Sufficitarian and Prioritarian objectives. Furthermore, the
uncertainty analysis has shown that the RICE model and resulting Utilitarian pathways are
sensitive to economic and climate uncertainties. Therefore, three main recommendations for
repairing the Utilitarian model have been made:

1. Make use of a variety of Sufficitarian and Prioritarian objectives within IAMs to correct
the Utilitarian principle at the bottom of the income distribution

2. Expand the usage of IAMs towards evaluating the equity of emission abatement
trajectories

3. Utilize a wide variety of scenarios to select robust and effective abatement strategies

13.4.1 Adoption of multiple alternative distributive objectives

The first recommendation implies that a successful correction of the Utilitarian principle has
the form of a many objective optimization problem as multiple objectives are optimized. To
enable IAMs to make use of equity improving multi-objective problem formulations, IAMs
should report more detailed outputs regarding inequality in economic position and climate
impact. Models can not optimize over data that they do not effectively measure. IAMs that
only report outputs in an aggregated manner will not be able to estimate the severity of cli-
mate impact across heterogeneous populations. This research took the approach of Dennig
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et al. [2015] as a first step to provide more insight into the position of the worst-off. More
sophisticated approaches can be implemented. For example, by more detailed mapping of
geospatial climate risk and the inclusion of income specific climate hazards. This makes it pos-
sible to distinguish between climate hazards, which are already linked to higher atmospheric
warming, such as droughts [Masson-Delmotte et al., 2018].

Including Prioritarian objectives in IAMs would account for the worst-off position currently
being neglected in many IAMs. Sufficitarian objectives focusing on threshold utility can help
to generate strategies that are robust for extreme climate events. Together they can enhance
the performance across all objectives. As no absolute method exists for specifying the Suffici-
tarian threshold, it can be seen as a protector against hazardous climate change. This makes it
simpler to establish the level of the Sufficitarian threshold.

The inclusion of Egalitarian objectives that measure inequality can help avoid strategies
that increase climate impact inequality masked by economic differences between those regions.
One example of this is the sea level rise, primarily impacting lower laying low-income regions
because these regions do not have the means to change to the risen sea level. Egalitarian
objectives could help to correct climate abatement trajectories to minimize these climate impact
inequalities.

13.4.2 Expanding the usage of IAMs

In the previous section, several ways have been proposed how IAMs can be expanded with ad-
ditional objectives to generate more equitable abatement strategies. These imply a shift away
from a complete ranking of CBA optimized trajectories for a given carbon budget towards a
partial ranking of a Pareto optimal set of abatement trajectories. In general, this means a broad-
ening of the information base which policymakers use to choose abatement pathways. This
is in line with Sen [2009] in which Sen argues that in decision problems with high imperfect
knowledge on the outcomes, a more just society can be pursued by better comparison of the
possible choice alternatives [Lempert et al., 2013]. Therefore, a more thorough comparison of
alternatives across multiple objectives can be seen as morally more just.

To broaden the information base, the next step is to make more use of IAMs to analyze
the distributional effects of global abatement strategies. The SSPs framework has led to the
development of research on policy focusing on the relation between poverty and the climate
[O’Neill et al., 2020]. However, in many of the SSPs and IAMs quantified parameters, commu-
nities’ adaptation and resilience capabilities are still lacking. A better understanding of future
resilience would improve further projections of consumption levels, especially at the bottom
of the income hierarchy [Hallegatte and Rozenberg, 2017]. This would enable policymakers to
focus on testing policies that are broader than just emission pathways. For example, by focus-
ing on the resilience effects of social protection, financial inclusion, strengthening of pension
funds, education, and health care access [O’Neill et al., 2020].

When IAMs are more used to analyses distributional effects, regionally distributed impacts
become more apparent within climate governance. Then, the advantages are two-fold. First,
citizens become aware of the exposure they face toward climate injustices. In turn, they can
plead their case for better protection against climate extremes by more stringent abatement
targets and demanding more adaptive capacity. Second, governments will become more aware
of the distributed impact arising from abatement strategies on heterogeneous groups. Regions
with relatively high climate impact on their lower-income classes, even in the richer regions,
will be pointed out that in order to prevent this, more action is needed [Chancel, 2020]. Overall,
this has the potential to steer the policymakers towards a better-informed decision-making
process and more equitable abatement strategies.
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13.4.3 Adoption of robust analysis in IAMs

Furthermore, a successful correction of the Utilitarian-led abatement trajectory is only useful
when combined with testing policies over a broader range of scenarios. The Nordhaus policy
is among the worst-performing tested policies in both the short and long term. The cause of
this problem is the practice of many climate economists to focus on single scenario optimality
instead of robustness across multiple scenarios. When considering the relationship between
robustness and principle performance, the uncertainty results shown that scenario factors play
a more significant role than the chosen principle in contributing to the model outcomes. Es-
pecially factors such as the damage function and the chosen economic scenario have a high
impact on the model outcomes across all scenarios. Uncertainties such as the elasticity of dam-
ages can significantly influence principle specific objectives such as the economic position of
the worst-off.

The fact that many IAM based research such as the work carried out by Nordhaus [2010];
Anthoff and Tol [2013]; Page [2007] only consider single scenario optimization models is wor-
risome to say the least. However, even the broader community of the IPPC mostly focuses on
the limited framework of the Shared Socioeconomic Pathways for scenario analysis as input
for the more complex models [Lamontagne et al., 2019]. The partial factorial scenario analysis
over 35000 scenarios highlighted important conclusions that cannot be derived from running
five distinct SSP scenarios. The tested principles’ performance differences could only be distin-
guished by thorough scenario analysis and to evaluate extreme outcomes. Therefore, policies
generated with single or sparsely scenario-driven research face the risk of severe exposure to
worst-off cases. Therefore, this research underlines the need for more robust decision making
analysis around IAMs also underlined by Lamontagne et al. [2018, 2019]; Lingeswaran [2019];
Frisch [2013]; Beck and Krueger [2016]; O’Neill et al. [2020]. The longer run time of complex
IAMs will make it difficult to simulate large amounts of scenarios. But this does not necessar-
ily mean that complex IAMs can just omit robust evaluation. To deal with the long run time,
complex IAMs could evaluate worst-case scenarios as an extra test for abatement policies. Or
a broader range of scenarios could be drafted from which multiple example scenarios would
be chosen to check for robustness.

The importance of the economic scenario in this research has shown that more diverse
socioeconomic scenarios are needed within the IPCC community. This is connected to the cri-
tique that some SSP/RCP pathways are outdated. For example, RCP8.5 has been criticized by
Hausfather and Peters [2020] for its overvalued usage of coal that leads to unrealistically high
emissions. This drives extreme outcomes for climate impact studies that take the RCP8.5 as a
business as usual scenario. Such a conservative approach, similar to regret based robustness
considerations, may be wise in the face of fat-tailed climate change outcomes. However, the
SSPs are too important and widely used to be only updated once in 10 years. Therefore, the
SSP framework should be updated more often in the future and should include a wider va-
riety of scenarios, including diverse economic futures, to effectively generate and test climate
strategies.
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14 I M P L I C AT I O N S F O R P O L I C Y

The previous chapter has stated various ways to expand the usage of IAMs to obtain more eq-
uitable abatement strategies. However, what are the normative implications of the distributive
principles for policymakers? This forms the focus of the last research question.

Research question 7

What are the policy implications of the usage of alternative distributive principles
within IAMs for global climate governance?

To answer this question, the abatement trajectories of the most robust Prioritarian and Suf-
ficitarian strategies are compared with that of the emission pathways set by the IPCC (section
14.1). The results have shown that policymakers, besides implementing emission reductions,
can reduce climate impact by strengthening economic resilience. Section 14.2 states supplemen-
tary equitable strategies that can support equitable emission trajectories that focus on reducing
economic inequalities within the world.

14.1 comparison global abatement pathways
If policymakers would prefer to follow the well-performing Prioritarian and Sufficiatarian prin-
ciples, what would this imply for the shape of abatement trajectories? How does this compare
to the abatement trajectories set out in the Paris accord?

In 2016, the Paris agreement was signed by 196 states to oppose global climate change.
The Paris Agreement’s long-term goal is to keep the global average temperature well below
2 degrees above pre-industrial levels; and pursue efforts to limit the increase to 1.5 degrees.
The Paris accord follows a bottom-up approach where states make nationally determined con-
tributions (NDCs). Together, the NDCs establish a global abatement path providing a > 66 %
chance of staying below 2 degrees warming in 2100 [Masson-Delmotte et al., 2018]. But the
current pledges in the Paris accord are already insufficient to reach these goals [du Pont et al.,
2017]. Current Pledges Targets would only limit warming to 2.3 - 2.6 degrees. Staying well
below 2 degrees is important as this significantly reduces the risk of severe climate impact
[Masson-Delmotte et al., 2018], which is also shown in this research.

When assessing the trajectory Pledges Targets, this emission trajectory shows similarity
with the non-robust Nordhaus policy, with emissions reaching net-zero well after 2100. This
research showed that the Nordhaus policy lacks robustness to protect the poor and vulnera-
ble. Also, it performs worse on average on all other objectives. Therefore, a strong case can
be made that extra pledges are needed to prevent the Nordhaus trajectory’s negative effects
found in this research. This will benefit the welfare of all income groups across all regions.

When comparing the Sufficitarian and Prioritarian emission trajectories with that of the
Paris accord, the PyRICE estimated trajectories are similar to the 1.5 consistent trajectories.
The 1.5 consistent pathway reaches net-zero emissions in 2060 - 2070, whereas the most robust
Prioritarian and Sufficitarian policies reach net-zero emissions in 2055 and 2065, respectively.
The 1.5 consistent emission trajectory shows how challenging the task at hand is. Within the
1.5 consistent trajectory, emissions have to peak immediately, after which rapid reduction is
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Figure 14.1: Principle pathways international pathways (data source: Climate Action Tracker)

required to reach net-zero emissions in 2060 - 2070. Overall, this research is consistent with
the IPCC report a global warming of 1.5°C that immediate wide-scale climate action is required
to avert profound climate impact on the low-income regions.

Interchangeability of principles

Within decision-making under uncertainty, adaptivity is of interest to overcome lock-ins to be
able to adjust policies towards emerged external factors [Kwakkel and Haasnoot, 2012]. If we
were to follow one of the emission pathways set out by one of the principles, would there still
be the option to switch to another principle in terms of emission pathways? Moreover, until
which point would we be able to make the switch?

There is an immediate split between the emission trajectories of the Utilitarian principle
compared to that of the Prioritarian and the Sufficitarian principle (figure 11.4). Switching to
another principle can, in theory, be done by accelerating the speed of abatement to match the
carbon budget of the target principle. This only holds for situations where the carbon bud-
get of the target principle has not already been exceeded. These non-overshoot switches can
be done through emission reductions in various sectors, for example, through major lifestyle
changes such as sustainable food consumption [Vuuren et al., 2018] and rapid reduction of
the usage of fossil fuels [Hallegatte and Rozenberg, 2017]. Within a global warming of 1.5°C
there are pathways in which low use of fossil fuels combined with profound lifestyle changes
produce a rapid shift towards low emissions [Masson-Delmotte et al., 2018]. Overall, the possi-
bility of switching between pathways is restrained by what is practically and morally feasible
to ask from this and the next generations.

Switching from Utilitarian emissions pathways that exceed the CO2 budget of the target
principle indicates an overshoot of the CO2 emission budget. Switching between principles
can then, in theory, only be done by implementing Carbon Dioxide Removal techniques (CDR)
on a vast scale to match the net CO2 carbon budgets of the target principle. Many pathways of
a global warming of 1.5°C make use of CDR through BECCS and afforestation and reforestation
[Masson-Delmotte et al., 2018]. CDR may only work if the overshoot is not too high, leading to
higher atmospheric warming with high climate impacts. Furthermore, it possesses the risk of
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activating tipping points in which CO2 emissions from melting permafrost limit the effective-
ness of negative emissions [Jones et al., 2016]. Also, [Tokarska and Zickfeld, 2015] found that
induced sea-level rise from emission overshoots are not reversed by the deployment of large
amounts of negative emissions. This limits the effectiveness of CDR to prevent high climate
impact on lower laying low-income regions.

To conclude, the societal, environmental, and economic feasibility of CDR techniques to pro-
duce vast negative emissions remains highly uncertain. The IPCC states in 2018 that: "Carbon
cycle and climate system understanding is still limited about the effectiveness of net negative
emissions to reduce temperatures after they peak" [Masson-Delmotte et al., 2018, Ch.1, p.17].
Therefore, the possibilities for switching towards other principles are limited and can only be
done in the short term, in the 2020 - 20230 range. To some extent, lifestyle changes and af-
forestation and reforestation can contribute to this in some scenarios [Masson-Delmotte et al.,
2018]. However, the conclusion is that if we were to focus on Prioritarian and Sufficitarian
goals, the best bet is to do that right from the start. Otherwise, a dependency on the feasibility
of large-scale CDR is likely, and more importantly, a lock-in of considerable climate impact on
the future poor.

14.2 supplementary equitable strategies
Principles of distributive justice were central in the Kyoto Protocol agreed in 1992. Distributive
justice principles such as the ’common but differentiated responsibility’ linked to the polluter
pays principle and ’respective capabilities’ reflecting the capability approach had an important
place in the agreement [du Pont et al., 2017]. Because of the different historical contributions to
climate change, significant differences in emission reduction targets arose between states that
signed the agreement. This led to an impasse in which countries refused to further cooperate
in climate conferences if potential future polluters were not limited by more stringent emission
reduction targets [Okereke and Coventry, 2016]. This led to the more pragmatic approach of
the bottom-up National Determined Contributions which formed the cornerstone of the Paris
agreement [Chancel, 2020]. Clear principles of distributive justice were deliberately left out in
the Paris accord. The focus was on how to pragmatically obtain enough emission reductions
to limit global warming below 2 degrees and preferably to 1.5 degrees [du Pont et al., 2017].
In some ways, equity considerations are addressed within NDCs, such as the requirement for
each country to state in his NDCs how to contribute to ’equitable contributions’ and to do
its ’fair share’. For example, by pledging financial support for climate adaption projects in
low-income countries [Masson-Delmotte et al., 2018].

The need for adaptation has been clearly highlighted in this research. The results have
shown that considerable climate impact is still a significant possibility even under the most
robust policies implementing rapid emission abatement. This shows that only emission reduc-
tions will not be enough to reach an equitable global climate strategy. To protect the poor and
vulnerable, extra focus should lie on supporting the low-income groups’ economic resilience
in all regions. The task at hand is broader than just the rich regions that have to support the
low-income regions. Climate hazards such as widespread bush fires will happen more often
in the future [Masson-Delmotte et al., 2018; Stott et al., 2016]. Even in high-income countries,
such as the United States, climate hazards such as hurricanes events magnify existing eco-
nomic inequalities. Not only had richer constituents of New Orleans more means to get out
on time to reduce physical impact, their homes were also located in better-protected locations
towards the storm [Chancel, 2020]. Similar characteristics have been identified for many other
climate hazards [Hallegatte and Rozenberg, 2017]. This has led to the adoption of the elasticity
of climate impact in this research [Chancel, 2020; Dennig, 2014; Masson-Delmotte et al., 2018].
Redistributive policies can modify the elasticity of climate impact by increasing the resilience
of the lower-income classes. The next section identifies some example policy instruments that
can be applied to improve the lower income groups’ resilience.
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Possible policy instruments

What are the possible policy instruments that can help to strengthen economic resilience? The
vast scale of possible policies is too big to cover here fully. The IPCC has dedicated large shares
of a global warming of 1.5°C to this, see Masson-Delmotte et al. [2018]. Specific to this research,
policies aimed at reducing economic inequalities could favor Prioritarian and Sufficitarian ob-
jectives. To reduce inequality within regions, investments by the nation-state in public services
such as education, sustainable energy, and water systems and transportation infrastructure are
needed [Chancel, 2020]. These can lead to significant spillover effects that will strengthen the
resilience of the low-income classes within regions. Through ecological taxation, the financial
means can be brought together to make these investments possible within nation-states. In rich
countries, ecological taxation is often regressive, having a bigger impact on the lower-income
classes’ consumption level. Because taxing products such as electricity and fossil fuels takes
relatively larger shares of the lower income groups’ exposable income. Therefore, ecological
taxation to redistribute wealth needs to be accompanied by compensation for lower-income
groups to contribute to Prioritarian and Sufficitarian goals successfully.

Ecological taxation in developing countries currently has a more progressive character be-
cause the higher income classes dominantly consume the taxed goods. Applying ecological
taxation on these ’luxury goods’ could be an effective way to overcome the problem of ’hid-
ing behind the poor’. This argument is being made to call out the higher income classes in
low-income countries that are omitted from re-distributional efforts in global climate nego-
tiations. Although, it is likely that within most developing nations, ecological taxation will
not lead to the collection of enough public funds needed for investments to reduce existing
inequalities. Furthermore, this approach is also arguably not socially just because of the high
unequal contribution to historical and future climate change. Therefore, significant capital
transfers from the OECD-countries to the developing regions are needed to overcome these in-
justices. Capital transfers are included in the Paris accord leading to objectives such as "finance
flows consistent with a pathway towards low greenhouse gas emissions and climate-resilient
development." [Masson-Delmotte et al., 2018, ch.4, p.370]. However, up to now these capital
transfers have not been implemented on the scale to make the required impact [Ha et al., 2016].

Therefore, policymakers in the developed countries, including the Netherlands, should put
significantly more effort into executing capital transfers between the OECD-countries towards
the low-income regions. Only then can policymakers steer the transition path towards more
favorable impact scenarios such as the SSP1 and SSP2. In these scenarios, big climate impact
on the vulnerable in especially the low-income regions, is less frequent. The SSP projections
are not scenarios that will probabilistically happen to us. The OECD-countries well have the
means to steer the world towards favorable scenarios. Furthermore, as the results show, in
cases where the elasticity of damages (as a proxy for resilience) is lower, detrimental impact
on the lower-income classes can often be prevented.

To summarize, when economic inequalities are reduced by international redistribution and
equitable growth within nations, the starting position of a big part of the world population
will be significantly improved. With this achieved, the impact of climate extremes is reduced
which contributes to obtain more equitable climate abatement strategies.
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15 C O N C L U S I O N

Within this section, the main research question will be answered (section 15.1). Thereafter, an
assessment will be made of the implications for the scientific field regarding IAMs (section
15.2). Then, avenues for future research will be given (section 15.3).

15.1 main research question
In this thesis, alternative distributive principles have been used to generate more equitable
abatement strategies. Four main principles have been tested: the Prioritarian, Sufficitarian,
Egalitarian, and the Utilitarian principle. Within each principle, two intergenerational ap-
proaches have been implemented. The resulting eight unique distribution principles have been
used to generate abatement strategies by executing the MORDM method. Pareto approximate
policies have been stress-tested within a short and long term uncertainty analysis. The short
term analysis has compared the performance of the principles within the SSP framework. The
long term uncertainty analysis tested the performance of the alternative principles regarding
long term climate change. Scenario Discovery has been applied to structure the output and
identify vulnerabilities. The simulation steps’ output formed the input for the ethical reflec-
tion, which states this thesis’s implications for IAMs and policymakers. The final step is to
answer the main research question:

MAIN RESEARCH QUESTION

What is the effect of applying alternative distributive principles to the RICE model on
global CO2 abatement pathways under deep uncertainty?

The concluding answer can be split up into model-based implications (section 15.1.1) and
policy-based implications (15.1.2).

15.1.1 Model based implications

The generated strategies have shown that especially Prioritarian and Sufficitarian policies call
for faster emission reductions compared to the Utilitarian and especially the Egalitarian prin-
ciple. The Sufficitarian principle had the most consistent emission targets, with all generated
policies possessing targets in the 2065-2075 range. The Prioritarian principle also calls for fast
emissions reductions, but the generated policies’ variance is bigger. Most Prioritarian net zero
emission targets are in the 2055 - 2105 range. This difference arises because the Sufficitarian
principle aims at reducing extreme climate impact while the Prioritarian principle also focuses
on income growth, hereby accepting the risk of higher atmospheric warming.

The Egalitarian principle generates slow emission abatement targets and extreme savings
rates to maximize equality in consumption. This comes at the expense of high risk to severe
climate impacts and poor economic performance. Not surprisingly, the Utilitarian strategies
have high similarity with the Nordhaus policy, as this is an example of a Utilitarian based pol-
icy. Utilitarian policies have medium abatement rates in the range of 2145 - 2155. Prescriptive
policies aim for slightly faster abatement than the descriptive variant.
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When comparing the performance of the various principles, the results clearly indicate
that the Nordhaus policy, and Utilitarian policies in general, have high exposure to climate
change extremes in many scenarios. This leads to a significant income decline in the lowest
income groups. The Egalitarian strategies fail to deliver on the promise of equality. Egalitar-
ian policies are not economically optimal in any way and lead to unacceptable risk to climate
change. Therefore the Egalitarian principle is not suitable as a driver of the generation of
climate abatement policies. The global economic performance of robust Prioritarian and Suf-
ficitarian strategies are similar to or better than that of the Utilitarian principle. Whereas the
exposure to climate extremes is better for the Prioritarian and especially the Sufficitarian policy.

The Sufficitarian principle is an example of a partly Utilitarian-based principle with correc-
tion at the bottom of the income distribution. The Sufficitarian principle showed good average
performance while protecting against extreme climate impact. This shows that Utilitarian
economic objectives can contribute to a good performance across many scenarios. Because
the economic catch-up process for lower-income countries is favored by economically opti-
mal abatement strategies. Sufficitarian policies add to this by lowering the risk of climate
extremes that can threaten the low-income quintiles’ consumption level. Based on the sig-
nificant performance difference between the Utilitarianand the Sufficitarian and Prioritarian
policies, three recommendations are proposed to improve the effectiveness and robustness of
Utilitarian based IAMs. Together, these three recommendations can contribute to overcoming
the inequities arising from the usage of Utilitarian-based IAM.

• Make use of a variety of Sufficitarian and Prioritarian objectives within IAMs to correct
the Utilitarian principle at the bottom of the income distribution

• Expand the usage of IAMs towards evaluating the equity of emission abatement
trajectories

• Utilize a wide variety of scenarios to choose robust and effective abatement strategies

A first starting point for IAMs would be to make use of objective formulations that use
a Sufficitarian threshold to account for climate extremes, a Prioritarian objective such as eco-
nomic consumption for the worst-off to promote economic growth for lower-income regions,
and a Utilitarian objective to steer generated policies into overall economic optimality. The first
recommendation implies switching from single objective optimality towards a partial ranking
of a Pareto optimal set of abatement trajectories. Most complex IAMs optimize for welfare
given a specific temperature goal. This means that the model structure of complex IAMs
should be changed to support a many-objective optimization problem formulation.

The second recommendation uses the broadened information base to enable policymakers
to use IAMs for analyzing the distributional effects of global abatement strategies. It enables
policymakers to focus on testing policies that are broader than just emission pathways. For
example, by focusing on the effects of social protection, financial inclusion, strengthening of
education, and health care access. Which can counteract the negative impact of already locked-
in climate change.

A successful correction of Utilitarian-led abatement trajectory is only useful in conjunction
with stress-testing abatement trajectories over a broad range of scenarios. Trajectories gener-
ated with single or sparse scenarios face the risk of severe exposure to regret shown by the
Nordhaus policy’s bad performance. The longer run time of complex IAMs poses barriers to
how many scenarios can be used. Because of the economic scenario’s influence, using a more
diverse set of economic scenarios can already contribute to testing the robustness of generated
abatement strategies. Furthermore, abatement pathways could be stress-tested against worst-
cases or against a subset of a broader scenario set. Thus, the longer run time of complex IAMs
can not be a reason to abolish robustness considerations when selecting abatement strategies.
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15.1.2 Policy based implications

Besides the model-based implications, alternative distributive principles have a wide variety
of implications for current climate policies. Firstly, if policymakers would focus more on Prior-
itarian and Sufficitarian goals, abatement strategies should aim at reaching net zero-emission
in 2065 - 2085. Current pledges by the 196 countries making up the Paris agreement will reach
net-zero emissions well beyond 2100 [du Pont et al., 2017]. This has the potential of triggering
detrimental impacts on the poor and vulnerable. To prevent this, higher pledges for emissions
cuts are needed to aim for the emission pathway of the Sufficitarian and Prioritarian path-
ways. A good indicator is the pathway of a global warming of 1.5 set out by the IPCC, which is
consistent with the most robust Sufficitarian and Prioritarian pathways found in this research
[Masson-Delmotte et al., 2018].

Furthermore, if policymakers would aim for equitable emissions pathways, it is the best
way to do this right from the start. In CO2 emission overshoots regarding Sufficitarian and
Prioritarian pathways, sea-level rise can be triggered. These delayed impacts threaten the
economic well-being of lower-income groups with lower-laying areas. These impacts can
possibly not be reversed by large scale negative emissions in the [Jones et al., 2016]. Even
in non-overshoot pathways, there is a big dependency on the feasibility of large-scale CDR.
This means that policymakers should aim for pathways that use efficiency gains and lifestyle
changes to minimize the lock-in of large scale CDR in the future.

Besides the focus on stronger abatement, policymakers should focus on reducing economic
inequalities and improving the resilience of the bottom income class. The model results have
shown that if policymakers would succeed in strengthening the resilience of the worst-off, this
can prevent worst-case outcomes regarding Sufficitarian and Prioritarian goals. Strengthening
economic resilience can be accomplished in various ways, such as public investment in educa-
tion, health, energy, and transportation infrastructure. These investments should be achieved
not only in the developing world but also in the developed world. Economic inequalities in
the developed world have been widened in the previous decades [Piketty, 2014], which nega-
tively affects resilience against climate shocks [Chancel, 2020]. Therefore, the Green New Deal,
named in numerous other literature such as Chancel [2020]; Piketty [2014]; Masson-Delmotte
et al. [2018], has the potential to steer the global community away from vulnerable scenarios
such as SSP4 and SSP5.

Likely, the low-income regions will not have the financial means to accomplish the needed
public investment on their own. Policymakers in the developed countries, including the
Netherlands, should put significantly more effort into executing capital transfers between the
OECD-countries towards the low-income regions. The financial transfers asked for IPCC re-
ports such as a global warming of 1.5 degrees [Masson-Delmotte et al., 2018] are needed to reduce
existing economic inequalities between and within regions. When economic inequalities are re-
duced by international redistribution and equitable growth within nations, the world’s starting
position to withstand incoming climate impact will be significantly improved.
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15.2 scientific implications
This research contributes to the scientific community in various ways. to the writer’s best
knowledge, it was the first research to combine an overarching view of the effects of applying
multiple distributive principles in an IAM under deep uncertainty. Previous research applied
alternative distributive principles, mostly focusing on Prioritarian approaches, such as Adler
et al. [2017]; Dennig et al. [2015]; Tol [2013], and on Utilitarian approaches, such as Tol [2001];
Arrow et al. [2014]. These research mostly focused on the implications for the social cost of car-
bon. These research did not provide a broad overview of alternative principles’ implications
on lower-income groups. The research field only consists of a few studies focusing on the
Sufficitarian [Dietz and Asheim, 2012] principle. First, this research has shown the high capac-
ity of the Sufficitarian principle to generate emission pathways that are robust against climate
extremes, improve equity of consumption, and are economically optimal. Secondly, this study
also showed the lack of robustness of the Utilitarian principle compared to the Prioritarian
and Sufficitarian principle. Thirdly, this research showed that equitable goals can significantly
improve robustness of abatement pathways. These three points have been undervalued in pre-
vious research.

Secondly, many researchers have used different models and scenario inputs to test various
principles. Therefore an inter-study comparison of alternative principles was difficult. This re-
search provided a clear comparison between the four mainstream distributive principles used
within the IAM community. Furthermore, the result can be compared with many other climate
studies because of the usage of the SSPs to drive the results of the short-term uncertainty anal-
ysis. This has not been done earlier mentioned in previous research. This research showed the
similarity of the pathway of A global warming of 1.5 degrees with that of Sufficitarian and Priori-
tarian pathways. This strengthens the case for following the pathways of a global warming of 1.5
degrees if policymakers would focus on equitable goals within emission abatement pathways.

Previous research focused on improving spatial and temporal distributive justice in IAMs
have not applied a many objective evolutionary algorithm (MOEA) to generate alternative
strategies. This research once more highlighted the usefulness of using MOEAs for the gener-
ation of Pareto optimal policies within climate models. This has previously been highlighted
by Lingeswaran [2019]; Kulkarni [2020] which applied MOEAs to the DICE model. This re-
search adds to this by successfully using search algorithms to generate more equitable climate
abatement strategies. Following the recommendations mentioned in section 15.1, these could
be adopted in more complex IAMs to develop more equitable abatement pathways.

Finally, none of the previous research has executed a thorough scenario analysis to test
the robustness of emission pathways generated by applying alternative distributive principles
within IAMs. The scientific IAM-community still widely uses single reference scenario models
to find one-off optimal policies [Stanton et al., 2009]. This conclusion has previously been un-
derlined by Lingeswaran [2019]; Lamontagne et al. [2018]; Stanton et al. [2009]. This research
has shown that, under the influence of uncertainty, the global population at the bottom of the
income hierarchy faces significant climate risk in established emission pathways. In many sce-
narios, the socio-economic position of the lowest 20 % will be worse in the short and long-term
future relative to that of today. The global eradication of poverty is certainly not guaranteed
under the influence of uncertainties embedded within climate change. Therefore, this research
underlines the call to make more use of robust scenario sampling for policy evaluation within
IAMs for the sake of equitability.
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conclusion

15.3 future research
One limitation of this research is that alternative policies have been generated over only one ref-
erence scenario, namely the Nordhaus RICE2010 scenario. The robustness of strategies could
be improved by optimizing over multiple diverse scenarios in the policy generation step. This
would imply following a MORO-method approach during the generation of the alternative
abatement pathways. Further research could assess if the ordering of the principles in terms
of robustness is consistent when principles are optimized over multiple scenarios.

A second avenue for future research is to focus more on optimizing the intergenerational
objectives within the alternative principles. Due to the problem formulation of the Egalitarian
and Prioritarian, intergenerational objectives did not influence the generation of strategies. Be-
cause welfare-based objectives were deliberately left out of the problem formulation to make
each principle more strict to simplify the comparison between principles. Therefore, intergen-
erational model components of the Egalitarian and Prioritarian principle could be assessed in
the future, such as conditional and zero discounting approaches.

As noted earlier, one of the main limitations of this research is the limited predictive capac-
ity of the RICE model. Therefore, it would be interesting to apply the developed principles
to more complex IAMs such as the Integrated Model to Assess the Global Environment (IM-
AGE). The IMAGE model serves as one of the five main models used to estimate climate effects
within the IPCC reports [Masson-Delmotte et al., 2018]. The complex IAMs are more able to
incorporate all narrative components of the SSPs. This can also improve the comparison of the
alternative principles to Utilitarian based pathways within the IPCC reports.

It is unlikely that this research’s exploratory workflow can directly be applied to the more
complex IMAGE model. This is because these models have a far longer run time than the
PyRICE model. Possible workarounds are restricting the size of the policy space by putting in
constraints. This could result in a faster generation of policy alternatives. The lessons learned
within this research can provide some indication of where to constraint the policy space. A
first starting point would be to use a problem formulation that uses a Sufficitarian threshold
to account for climate extremes, a Prioritarian objective for the worst-off, and a Utilitarian
objective to steer generated policies into economic optimality. Constraints could be placed on
extremely high or low savings rates and slow abatement rates. Generated policies could then
be stress-tested over multiple representative scenarios or a full scenario range depending on
the used IAM’s computational limits. Together, this approach makes it possible to test the
alternative principles’ performance in more influential Integrated Assessment Models.
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A O U TC O M E S B A S E C A S E

The following figures gives an overview of the outcomes of the base case over all model objec-
tives that are used within the alternative principles. The results of the Nordhaus policy under
the reference scenario thus forms a reference to the performance of the alternative principles.

Figure A.1: Overview of Nordhaus policy under reference scenario on all objectives
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B M O D E L I N P U T S

The following figures show the most important new model inputs for the PyRICE model.
All other standard RICE model inputs are adopted from and described in Nordhaus [2011];
Lingeswaran [2019]; Dennig et al. [2015] and will not be further elaborated here. See chapter 6

and 7 for the specification for the model inputs uncertainties.

Inputs SSPs
Figure 17.1 shows the mapping of the countries within the SSPs to the regions in the RICE
model. Figure 17.2 to 17.5 show the development of the GDP and population for every RICE
region. This values have been aquired using the original RICE model and the country to RICE
region mapping in figure 17.1.

Figure B.1: SSP to RICE country mapping
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model inputs

Figure B.2: SSP regional GDP development per SSP scenario (6/12 regions)

Figure B.3: SSP regional GDP development per SSP scenario (12/12 regions)
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model inputs

Figure B.4: SSP regional population development per SSP scenario (6/12 regions)

Figure B.5: SSP regional population development per SSP scenario (12/12 regions)
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model inputs

Disaggregated income share inputs
The following figures show the taken income share distributions per country (figure B.6) based
on The World Bank [2020] and the resulting regional distribution (figure B.7).

Figure B.6: Income shares per country based on The World Bank [2020]
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model inputs

Figure B.7: Income shares summary RICE regions
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C O U TC O M E S R E F E R E N C E S C E N A R I O

The following figure shows the outcomes of the 29 example strategies and the Nordhaus policy
on all objectives used with the problem formulations.

Figure C.1: Outcomes reference scenario overview

109



D S U M M A R Y C H O S E N E X A M P L E S T R AT E G I E S

Utilitarian policies

Figure D.1: Overview of characteristics Utilitarian policies

Prioritarian policies

Figure D.2: Overview of characteristics Prioritarian policies

Sufficitarian policies

Figure D.3: Overview of characteristics Sufficitarian policies

Egalitarian policies

Figure D.4: Overview of characteristics Egalitarian policies
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E O U TC O M E S O V E R R E F E R E N C E S C E N A R I O

When running the alternative strategies over the reference scenario, it becomes clear that the
Prioritarian indeed achieves high protection for the lowest income groups (figure E.1). Al-
though the difference with other policies is small. This is because the maximum height of
the consumption level is partly locked-in with the economic scenario. Therefore, across all
strategies, rapid consumption growth is observed. The relative climate impact to consumption
shows that the Egalitarian case has some deteriorating consumption levels for the lowest 20

% where up to 40 % of income is lost due to climate impact. This is due to the slow climate
action in many Egalitarian policies, which leads to high climate impact. The Prioritarian case
performs best at protecting the poor, not surpassing 10 % of relative climate impact. The differ-
ence with the Nordhaus policy is striking: in the Nordhaus policy the relative climate impact
felt by the worst-off is almost two times higher than in the best performing Prioritarian policy.

Figure E.1: Development of Prioritarian objectives under Nordhaus scenario

Effect on Sufficitarian objectives under the reference scenario
The plot on the next page (E.2) shows the effect of the strategies on the Sufficitarian objectives
over time. At first sight, it might seem that the Sufficitarian objective performs worst than the
other principles in minimizing the number of people under and distance to the threshold. But
this can be explained by the fact that in the Sufficitarian case, the threshold level is varied at
higher and lower levels, whereas with the other strategies, it is kept at a constant low level.
Therefore the outcomes are hard to compare. However, what is clear is that the Nordhaus
reference scenario is rather optimistic as over all strategies, the world swiftly goes beyond
the threshold level. When looking at the aggregated utility, both Sufficitarian, Egalitarian and
Prioritarian strategies result in higher aggregated utility which can be explained by the lower
discounting rates used within those strategies.
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outcomes over reference scenario

Figure E.2: Development of Sufficitarian objectives under Nordhaus scenario

Effect on Egalitarian objectives under the reference scenario
The Egalitarian principle aims at minimizing inequality in climate impact and consumption
between and within generations. Relative improvements in inequality reduction from the other
principles seem small and come potentially at a cost. In some strategies, this leads to justifying
slow climate action and high temperature increases up to 5 degrees. This means exposure
to high climate impacts. Some Egalitarian strategies result in possibly unwanted behaviour;
although inequality in climate impact is reduced, everyone is worse off as the population
experiences high climate impact. Hereby reducing inequality in climate impact but losing the
goal of minimization of climate impact. The same reasoning can be made for the stronger
reduction in intragenerational climate impact (subplot bottom right, E.3).

Figure E.3: Development of Egalitarian objectives under Nordhaus scenario
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outcomes over reference scenario

Effect on Utilitarian objectives under the reference scenario
The Utilitarian case consists of two objectives, namely the total aggregated utility across all time
steps and the period utility. The period utility is influenced by the normatively set discount
rate, which differs across strategies. Therefore, it is hard to compare strategies only on their
level of utility. What is clear though, is due to lower set discount rate, the utility of people
further in the future is valued higher in almost all scenarios compared to the Nordhaus policy.
This also explains the difference in emission control rate of the Sufficitarian (fast abatement)
and the Utilitarian principle (modest abatement). As the utility of generations far in the future
is valued high, faster abatement becomes more optimal. This reasoning is in line with research
in the field such as Stern [2007]; Nordhaus [2011]; Adler et al. [2017]; Dennig et al. [2015];
Tol [2013], which highlighted the influence of the social discount rate in determining what is
optimal.

Figure E.4: Development of Utilitarian objectives under Nordhaus scenario
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F S H O R T T E R M U N C E R TA I N T Y: O U TC O M E S

Sufficitarian outcomes

Figure F.1: Influence of threshold level on population below threshold

Figure F.2: Distribution of population under and distance to threshold
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short term uncertainty: outcomes

Prioritarian outcomes

Figure F.3: Influence of elasticity of damages on relative climate impact

Figure F.4: Influence of economic scenario on relative climate impact

Figure F.5: Influence of damage function on relative climate impact

Figure F.6: Influence of climate sensitivity distribution on worst-off income
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G S H O R T T E R M U N C E R TA I N T Y: R O B U S T N E S S
H E AT M A P S

Figure G.1: Heat map signal to noise ratio short term uncertainty analysis

Figure G.2: Heat map maximum regret short term uncertainty analysis
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H LO N G T E R M U N C E R TA I N T Y A N A LY S I S :
O U TC O M E S

The uncertainty range of the long term economic scenario is in the long term uncertainty
analysis is based on the Nordhaus reference scenario. In this optimistic scenario, all world
regions experience rapid economic growth. Therefore only in a few extreme cases the world
population finds themselves under Sufficitarian threshold. Here the threshold is the poverty
line of the World Bank indexed with the average growth of the world economy. Because of
the optimistically used economic scenario, the long term scenario analysis is less suited for
conclusion on the Sufficitarian approach.

Figure H.1: Long term uncertainty outcomes Utilitarian objectives

Surprisingly, all principles outperform the Egalitarian principle in equalizing climate im-
pact inequality across generations. The explanation for this is twofold, the other principles
tend to have more optimized savings rates which lead to more sustained economic growth in
the long run. Furthermore, faster abatement simply leads to less climate impact in the long
run which increases equality in climate impact as the difference in climate impact experienced
by current generations and generations in the next centuries is reduced.
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long term uncertainty analysis: outcomes

Figure H.2: Long term uncertainty outcomes Sufficitarian objectives

Regarding equality in impact within generations, the damage relation between warming
and the economy is significant. When assuming the Nordhaus damage function, inequality be-
tween regions is high. This can be explained from the fact that the Nordhaus damage assumes
regional dependent damage from Sea level rise disproportionally affecting distinct regions
hereby contributing to an increase in climate impact between regions. The Weitzman damage
function also contributes to higher climate impact between regions due too more extreme cli-
mate impact assumptions. This means that lower income regions are relatively more affected
leading to a higher inequity of climate impact especially in the long run. Regarding differences
in intragenerational Egalitarian strategies are more prone to extreme cases of inequality which
has been observed earlier for Utilitarian objectives as well.
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long term uncertainty analysis: outcomes

Figure H.3: Long term uncertainty outcomes Egalitarian objectives
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long term uncertainty analysis: outcomes

Utilitarian violin plots long term outcomes

Figure H.4: Influence of damage function on aggregated Utility

Figure H.5: Influence of backstop price on total output

Figure H.6: Influence of temperature distribution on Utility

Figure H.7: Influence of negative emission on total output
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long term uncertainty analysis: outcomes

Prioritarian violin plot long term outcomes

Figure H.8: Influence of damage function on relative climate impact

Figure H.9: Influence of damage function on relative climate impact
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I LO N G T E R M U N C E R TA I N T Y A N A LY S I S :
R O B U S T N E S S H E AT M A P S

Figure I.1: Heat map maximum regret long term uncertainty analysis

Figure I.2: Heat map signal to noise ratio long term uncertainty analysis
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J W O R S T C A S E A N A LY S I S

Composition of climate uncertainties

Figure J.1: Overview worst-case input climate uncertainties
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worst case analysis

Composition of socioeconomic uncertainties

Figure J.2: Overview worst-case input socio-economic uncertainties

Utilitarian outcomes

Figure J.3: Overview worst-case outcomes Utilitarian principle
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worst case analysis

Egalitarian outcomes

Figure J.4: Overview worst-case outcomes Egalitarian principle

Prioritarian outcomes

Figure J.5: Overview worst-case outcomes worst-off income and negative emissions
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K S C E N A R I O D I S C O V E R Y

Silhouette width analysis

The figure below shows the silhouette width score of four objectives of the clustering of
15000 simulation runs under the Sufficitarian (policy 30) strategy. The silhouette width is a
guide for the number of clusters that are appropriate to cluster a group of time series. This
metric is based on the individual silhouette score of each observation in a cluster. The individ-
ual silhouette score is the similarity of an observation to its co-members in the cluster. The total
average silhouette width is the average of the average silhouette width of each cluster. Gener-
ally, a higher value of the silhouette score is preferred [Lingeswaran, 2019]. But the final call,
how many clusters to take, can only be made through visual inspection. This because some
clusters are more valuable to be shown than others, which is not reflected in the silhouette
width score.

Figure K.1: Silhouette scores of Sufficitarian clusters for four objectives

Frequency table of emission pathways per temperature outcome 2105

Figure K.2: Frequency table figure 11.4 emission pathways across scenarios
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scenario discovery

Development of atmospheric warming per economic SSP scenario
The figure below shows the average atmospheric warming development for the most robust
strategy per principle and the Nordhaus policy for each economic SSP scenario.

Figure K.3: Overview of temperature development most robust policy per economic scenario

Average atmospheric warming and CO2 abatement pathway per principle
The figure below shows the average temperature and CO2 emission pathway for the most
robust strategy per principle and the Nordhaus policy.

Figure K.4: Average temperature and emission pathway for most robust strategies
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scenario discovery

Agglomerative clustering results
The next three graphs show the result of the agglomerative cluster. All timeseries have

been clustered into 5 clusters using the CID distance as a similarity measure. Agglomerative
clustsering witht the complete linkage criterium has been used to form the clusters. Every
graph has been clustered independently. Thus the clusters are not consistent between any of
the graph. The clusters show groups of behaviour within the uncertainty analysis.

Agglomerative clustering results Sufficitarian policy 30

Figure K.5: Overview of outcomes agglomerative clustering Sufficitarian policy 30
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scenario discovery

Agglomerative clustering results Prioritarian policy 19

Figure K.6: Overview of outcomes agglomerative clustering Prioritarian policy 19
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scenario discovery

Agglomerative clustering results Nordhaus policy

Figure K.7: Overview of outcomes agglomerative clustering Nordhaus policy
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scenario discovery

Clustering based on temperature outcomes 2105
The next figures show additional clustering figures of the development of the most important
principle specific objectives. The developments have been clustered on temperature outcome
in 2105. There are 5 clusters that have been used regarding temperature outcomes. Most ro-
bust Sufficitarian policy compared with Nordhaus policy

Temperature development

Figure K.8: Sufficitarian p36 and Nordhaus policy temperature pathways

Global emission development

Figure K.9: Sufficitarian p36 and Nordhaus policy emission pathways
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scenario discovery

Population under threshold

Figure K.10: Sufficitarian p36 and Nordhaus policy population under threshold pathways

Most robust Prioritarian policy compared with Nordhaus policy
Temperature development

Figure K.11: Prioritarian p19 and Nordhaus policy temperature pathways
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scenario discovery

Global emission development

Figure K.12: Prioritarian p19 and Nordhaus policy emission pathways

Population below threshold

Figure K.13: Prioritarian p19 and Nordhaus policy population below treshold
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scenario discovery

Egalitarian comparison policy 42 & policy 14
This section shows clustering plots of two Egalitarian policies. Namely the fast abatement
policy 42 and slow abatement policy 14. Policy 42 is the most robust generated Egalitarian
policy of this analysis.

Atmospheric warming development

Figure K.14: Egalitarian p14 and p42 atmospheric warming development

Global damages

Figure K.15: Egalitarian p14 and p42 impact GINI global damages
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scenario discovery

Regional impact inequality development

Figure K.16: Egalitarian p14 and p42 impact GINI

Regional consumption inequality development

Figure K.17: Egalitarian p14 and p42 consumption GINI
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L I N T E R G E N E R AT I O N A L T R A D E O F F S

Prioritarian tradeoffs
Short term worst-off consumption tradeoffs

Figure L.1: Short term tradeoffs worst-off income class under Prioritarian policy 19

Long term term worst-off consumption tradeoffs

Figure L.2: Long term tradeoffs worst-off income class under Prioritarian policy 19

Short term worst-off relative impact tradeoffs

Figure L.3: Short term tradeoffs relative climate impact under Prioritarian policy 19

Long term term worst-off relative impact tradeoffs

Figure L.4: Long term tradeoffs relative climate impact under Prioritarian policy 19
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intergenerational tradeoffs

Egalitarian tradeoffs

Long term trade off inequality in consumption between regions

Figure L.5: Long term tradeoffs spatial consumption inequality Egalitarian policy 14 and 42

Long term trade-off inequality in impact between regions

Figure L.6: Long term tradeoffs spatial impact inequality Egalitarian policy 14 and 42
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