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ABSTRACT / RESUME

Social security systems and their social insurance mechanisms have served as tools employed
by governments to enhance societal well-being during significant socioeconomic transitions,
such as industrialization or recovery from post-war economic declines. In these contexts,
these systems have helped safeguard societies from potential vulnerabilities while simulta-
neously reinforcing collective efforts to enhance overall social well-being. Notably, these
feedback effects have played a crucial role in shaping how social security can positively in-
fluence and transform socioeconomic trends during challenging periods. In line with these
foundational purposes, this thesis examines the contemporary role of social security in light
of the socioeconomic transition brought about by climate change. First, a comprehensive
literature review has been conducted, highlighting the potential effects of climate change
on social security through several key channels of risk transmission, including the cost of
living, labor markets, financial markets, and health outcomes. In a second phase, this the-
sis contributes to climate economic modeling by proposing a social security module that
endogenously interacts with an economic system affected by climate change. This model
is then applied to develop scenario analyses that consider plausible global socioeconomic
trajectories, as well as specific regional conditions. The findings from this research offer an
alternative perspective on the effectiveness of funded versus pay-as-you-go financing systems
for social security under climate change scenarios. By challenging existing views that over-
look climate-related factors, this research lays the groundwork for a deeper examination of
the optimality of social security systems in the context of climate change.

Les systémes de sécurité sociale et leurs mécanismes d’assurance sociale ont permis aux gou-
vernements d’améliorer le bien-étre des sociétés lors de transitions socio-économiques ma-
jeures, telles que 'industrialisation ou la reprise économique apreés les crises d’aprés-guerre.
Dans ces contextes, ces systémes ont contribué a protéger les sociétés contre d’éventuelles
vulnérabilités tout en renforcant les efforts collectifs visant a améliorer le bien-étre social
global. Ces effets de rétroaction ont notamment joué un role crucial dans la maniére dont la
sécurité sociale peut influencer et transformer positivement les tendances socio-économiques
en période difficile. Conformément a ces objectifs fondamentaux, cette thése examine le
role contemporain de la sécurité sociale face a la transition socio-économique induite par
le changement climatique. Pour commencer, une revue de la littérature exhaustive a été
menée, mettant en évidence les effets potentiels du changement climatique sur la sécurité
sociale & travers plusieurs canaux clés de transmission des risques, notamment le cotit de
la vie, le marché du travail, les marchés financiers et les résultats en matiére de santé.
Dans une deuxiéme étape, cette thése contribue a la modélisation économique du climat
en proposant un module de sécurité sociale interagissant de maniére endogéne avec un sys-
téme économique affecté par le changement climatique. Ce modéle est ensuite appliqué a
I’élaboration d’analyses de scénarios prenant en compte des trajectoires socio-économiques
mondiales plausibles, ainsi que des spécificités régionales. Les résultats de cette recherche
offrent une perspective alternative sur I'efficacité des systémes de financement par capitali-
sation ou par répartition de la sécurité sociale dans le contexte du changement climatique.
En remettant en question les conceptions existantes qui négligent les facteurs liés au climat,
cette recherche pose les bases d’un examen plus approfondi de 'optimalité des systémes de
sécurité sociale dans le contexte du changement climatique.
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Chapter 1

Introduction

Understanding the diverse challenges and opportunities presented by social security systems
worldwide is a complex topic. It often requires examining the unique aspects specific to each
country or region, which can shift the focus from general principles to the particular details
of individual systems. However, does this mean we might lose sight of the bigger picture?
In fact, the fundamental principles of social security are consistent across the globe, all
aiming for the same basic objective: to ensure that every individual achieves the minimum
living standards agreed upon by society. Moreover, in the current era of globalization, social
security systems are increasingly interdependent with global economic and financial systems,
exposing many of them to common threats, one of which is climate change. Thus, it may not
only be possible but also necessary to manage the broad nature of this topic meaningfully.
In this regard, this thesis will address some of the most significant challenges faced by
social security, focusing on the applicability and adaptability of the proposed methods and
conclusions. In particular, it will examine the growing challenges and opportunities that
social security systems may face in the context of climate change.

Addressing climate change requires substantial changes in how societies use natural resources.
Our dependence on fossil fuels results in high greenhouse gas emissions, which intensify the
global greenhouse effect and disrupt climate patterns. Furthermore, the growing trends in
production and consumption worldwide exacerbate the situation. In response to rising tem-
peratures, many countries have proposed mitigation policies focused on carbon pricing and
clean energy projects. However, these actions are still far from meeting sustainable tar-
gets for reducing carbon emissions. Projections by the Intergovernmental Panel on Climate
Change (IPCC) suggest that greenhouse gas emissions will exceed the goals set by the nation-
ally determined contributions (NDCs) by 2030 . If this continues, the likelihood of global
average temperature increase surpassing 3°C by the end of the century rises significantly.
Meanwhile, climate change is already causing considerable damage and irreversible losses,
disproportionately affecting individuals regardless of their contribution to the problem. For
policymakers, the gap between climate targets and actual achievements raises several crit-

'In alignment with the goals outlined in the Paris Agreement, nationally determined contributions (NDCs)
are the climate actions that countries commit to undertaking. These contributions can be assessed to
determine if the world can meet the global temperature targets established in the agreement. Each country
submits its NDC to the United Nations Framework Convention on Climate Change (UNFCCC) secretariat
every five years, with the initial submissions beginning in 2020.

11
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ical questions: What will happen if the world continues to consume natural resources and
produce carbon emissions without sustainable control? Conversely, what if strict regulations
are implemented? Perhaps a middle ground between these two options could arise, but what
if moderate efforts do not effectively mitigate climate change and instead harm the econ-
omy, making it more vulnerable to rising temperatures? Given the wide time horizon these
questions encompass and the limited information available now to anticipate their answers,
uncertainty remains a significant challenge for policymakers worldwide.

Social security systems are not immune to the damaging effects of climate change and the
long-term uncertainties it brings. In fact, there are several compelling reasons to consider
the role of social security systems in addressing the ongoing climate change emergency.
Firstly, since climate change impacts national resources over the long term, it may reinforce
the social security principle emphasized by economist Paul Samuelson [204]: individuals
today may choose to save some of their resources while conditions are still favorable in
anticipation of a future where those conditions could become more challenging. However, in
the context of climate change, the best approach to this situation is not entirely clear. While
Samuelson argued that intergenerational contributions can effectively transfer perishable
resources over time, from the active working period to retirement, climate change can render
such resources perishable by deteriorating the environment in which they are produced.
As a result, decision-making processes might lead individuals to make 'reasonable’ choices,
such as saving as much as possible to improve their chances of acquiring scarce resources
in the future. Conversely, in extreme cases, some might suggest consuming resources as
soon as possible, fearing that they may not be available later. However, from a theoretical
perspective to real-world applications, these solutions may not make much sense. Economic
systems require all sectors to function properly, and non-cooperative trends can significantly
exacerbate the climate emergency. Therefore, climate change is an issue that cannot be
tackled by considering individual factors in isolation. It requires an understanding of the
interactions between different sectors involved. In this regard, it is crucial to select the
appropriate channels to address climate risk and to adopt cooperative strategies that preserve
the essence of generational risk sharing framed by social security systems.

In addition to this fundamental dilemma, the involvement of social security systems is es-
sential for achieving the societal goal of ensuring suitable living standards for individuals.
The IPCC has highlighted that climate change is increasingly undermining food and water
security and is contributing to rising mortality and morbidity rates due to food-related and
vector-borne diseases. Unsurprisingly, the greatest impacts are expected to affect socially
vulnerable sectors, such as low-income populations, the elderly, and individuals with disabili-
ties. On a global scale, developing countries in tropical regions are anticipated to experience
the most severe effects of extreme heat. However, an even more vulnerable group exists:
future generations. This combined effect across multiple sectors may not only increase the
strain on social security systems but also further threaten their long-term sustainability.
Indeed, scholars often express concern about the risks that the current demographic tran-
sition poses to social security systems. In light of this, solutions such as supporting social
security through funded systems are commonly proposed. However, do these concerns and
solutions fully consider the effects of climate change? If not, how optimal are the current
social security systems in this context? More importantly, how can the current system be
aligned with or adapted to future climate change scenarios? The answers to these questions
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are not immediately evident, but they will be the central focus of the research outlined in
this thesis.

Finally, another perspective on why social security systems should address climate change
issues is the crucial role they play in the economy, not only as a means of transferring
resources but also as a mechanism that could enhance the efficient production and allocation
of these resources. In fact, social security systems, as managers of pension funds worldwide,
are not just passive recipients of climate-related effects; they have the resources to direct labor
and capital factors toward the most efficient paths for both current and future generations.
While the funding for social security systems primarily comes from payroll taxes paid by
workers and employers, it also derives from various sources, including interest on funds
invested in securities, and taxes paid on social security benefits. Currently, the total value of
pension funds is estimated to exceed $55 trillion USD, making them major shareholders in a
significant number of large corporations. Consequently, some authors refer to this “universal”
ownership as a key component for climate mitigation and adaptation policies. However,
although the role of pension systems in climate policies has been extensively addressed in
academic literature, most discussions focus on the regulatory framework provided by their
fiduciary duties. At the time of writing this thesis, no academic paper has adequately
explored the key role of social security systems in distributing resources in alignment with
future climate change challenges. Considering the intricate relationship between economic
and climate systems, and in light of advancements in economic models used in climate
change research, this thesis simplifies the problem from a highly complex economic scenario
to a more straightforward system of interactions. This approach not only provides valuable
insights applicable to real economic systems but also contributes to the existing streams of
analysis.

While the reader may think it is too ambitious for one thesis to address all issues that
social security systems may face in the context of climate change, that thought is absolutely
right. Nonetheless, the objective of this thesis is to lay the groundwork for exploring this
important topic and to inspire future efforts within the actuarial community to make further
advancements. To achieve this, the thesis proposes three independent papers organized into
separate chapters, as follows:

- Chapter 2:

This chapter provides a thorough literature review on the potential effects of climate change
on social security systems. It addresses the notable lack of documentation regarding the
vulnerabilities of these systems to climate change and explores the role social security may
play in mitigation and adaptation policies. This review consolidates expert insights, empir-
ical analyses, and scenario projections from various research fields related to the impact of
climate change on key socioeconomic factors that are relevant to social security. In doing
so, it identifies the primary channels through which climate risks can affect social security
systems, thereby guiding future research directions for policy development.

- Chapter 3:

Building on the previous literature review, this chapter introduces an Integrated Assess-
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ment Model (IAM) designed to evaluate the potential impacts of climate change on social
security systems. To accomplish this, the Dynamic Integrated Climate-Economy (DICE)
model [173, 169] has been adapted to include intergenerational consumption and savings
dynamics, providing a comprehensive representation of social security systems. Utilizing
the socio-economic narratives from the Shared Socioeconomic Pathways (SSPs), this model
development encompasses scenario analyses that calculate optimal consumption and saving
allocations for both active workers and retired individuals, along with the associated Social
Cost of Carbon. The scenario analyses conducted offer valuable insights into the adequacy
and equity of global contributions and benefits, as well as their implications for the sustain-
ability of social security systems across different SSP scenarios. The findings suggest that,
even within a deterministic framework, the Samuelson-Aaron decision rule is not suitable for
selecting the best pension system. This is mainly due to its inability to adequately address
potential resource depletion, which can be influenced by factors such as climate change and
population aging.

- Chapter 4:

This chapter builds upon the findings from the previous modeling approach discussed in
Chapter 3, specifically examining the potential impacts of climate change on social security
systems by analyzing regional effects. To achieve this, the Regional Integrated model of
Climate and the Economy (RICE) [171] has been adapted to include a social security module.
This modified model is used to conduct a scenario analysis based on the socioeconomic
trajectories outlined in SSPs 1 through 3. The results from this analysis reinforce earlier
findings, indicating that the Samuelson-Aaron decision rule may not be appropriate for
determining the most effective pension system in the context of climate change. Instead, this
model emphasizes the significance of pension schemes that prioritize the long-term efficient
distribution of resources rather than focusing solely on maximizing individual returns.

- Chapter 5:

Finally, this thesis concludes by highlighting the most important concluding remarks.



Chapter 2

The puzzle of the impacts of climate
change on social security systems

The growing concern about climate change and related mitigation policies has prompted
researchers and practitioners from diverse fields to examine the potential societal im-
pacts of these global issues. However, despite the significant role of social security in
this regard, there is a noticeable lack of documentation about its vulnerabilities to cli-
mate change, and the potential role it may play as part of mitigation and adaptation
policies. This literature review consolidates expert knowledge, empirical analyses, and
scenario projections from different research fields regarding the effects of climate change
on essential socioeconomic factors relevant to social security. In doing so, it identifies
the primary channels through which climate risks can affect social security systems,
thereby informing future research directions for policy decisions.

2.1 Introduction

Effective efforts to mitigate climate change call for significant transformations in the way
societies interact with natural resources |81, 90]. The heavy reliance on fossil fuels for
daily energy production currently results in the release of a massive amount of greenhouse
gases into the atmosphere, intensifying the global greenhouse effect and disrupting climate
patterns. As a result, numerous mitigation policies have been proposed across countries, most
of which involve carbon pricing and clean energy deployment. However, despite increasing
action to reduce greenhouse gas emissions, further efforts are needed. According to the
United Nations, current policies in place are projected to lead to a 3% increase in greenhouse
gas emissions by 2030 [75]. While this is a considerable reduction from the initial projection
of 16% made in 2015 — at the time of the adoption of the Paris Agreement, it is still not
enough to meet the global target of keeping the average temperature increase below 1.5°C.
Two main types of risks arise from the impact of climate change on socioeconomic systems:
physical and transition risks |21, 74]. Physical risks refer to potential financial and economic
losses from direct impacts of high temperatures and extreme weather events. This includes
damage to assets and infrastructure, loss of crops and livestock, and the increase in mortality
and morbidity rates. Transition risks, on the other hand, stem from potential negative

15
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impacts of carbon divestment strategies, carbon taxing policies, technology innovations, and
environmental investment practices. In unfavourable situations, these mitigation actions
may lead to stranded assets, asset devaluation, increased energy prices, reduced commercial
and residential property values, and diminished household wealth |74, 211|. Additionally,
as a subset of either physical or transition risks, there exists a third category of risk known
as liability risk [74]. This type of risk involves claims for compensation from parties who
experience financial losses or damages due to physical or transition risks, directed against
those deemed responsible. Although liability risk can lead to financial instability, primarily
affecting carbon extractors, emitters, and their insurers, this review will not address this
specific type of risk [43, 74]. Instead, we will focus on the effects of climate risk on social
security through the lenses of physical and transition risks. In particular, resulting economic
and financial instabilities, increasing poverty and social inequality, and the collapse of health
systems are some of the most important potential effects that can harm social security
functioning. However, despite extensive literature on each of these separate aspects, to our
recollection, there are no academic papers addressing their potential effects on social security
systems.

This literature review provides practical insights into the intricate relationship between cli-
mate change and social security, offering valuable guidance for policymaking and future
research. We identified living costs, labor markets, financial markets, and health outcomes
as the main transmission channels of climate risks to social security. Each of these channels
is then associated with specific drivers of physical and transition risks that can affect social
security in terms of sustainability, adequacy, and equity. Our interpretation of this risk tax-
onomy is presented in Figure 2.1. In general, we find that climate risks can have different
impacts depending on the type of financing system implemented, whether it is pay-as-you-go
or funded. While pay-as-you-go systems are mainly affected through labor markets, funded
systems are mainly affected through financial markets. However, both types of systems share
effects in terms of labor productivity, cost of living, and health outcomes.

One important takeaway from this review is the emphasis on the pivotal role that social
security can play in public policies aimed at mitigating the effects of climate risk. We argue
that social security, through the efficient allocation of intergenerational (pay-as-you-go) and
intertemporal (funded) income transfers, can redistribute social resources to offset potential
welfare losses caused by climate change. Since regulators and social security planners set the
framework for income transfers on behalf of members, these allocations should be structured
to ensure that income and health security are as equitable and adequate as possible, enabling
households to cope with the impacts of climate change while maintaining the sustainability
of the system. In this process, a thorough understanding of the risk factors that influence
the core principles of sustainability, adequacy, and equity is essential for effective decision-
making.

Our findings suggest that the risk factors associated with climate change may interact in a
feedback loop, where the stability of living costs and income security play a central role. In
general, rising prices and instabilities in labor and financial markets can impact the adequacy
of benefits needed to meet essential living standards, such as food and energy security. While
adjustments to contributions can serve as a short-term solution, they may have broader im-
plications, such as increasing the burden on workers, compromising long-term sustainability,
and widening the inequity gap between generations. Alternatively, from a macroeconomic
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standpoint, a social security intervention that promotes higher wages and increased invest-
ments can be linked to economic development and long-term price stability [23, 165, 210].
Thus, restoring the adequacy of the system may be mutually beneficial in enhancing both
its sustainability and equity. We emphasize that safeguarding these key principles of social
security can provide members with income security and appropriate healthcare services to
cope with the health effects of climate change. This is particularly important as healthcare
expenses can rise significantly for specific population groups, including low-income house-
holds, the elderly, and individuals with disabilities. While these groups typically have low or
no future wealth allocation in the system, the rising healthcare costs they may incur could
increase the financial burden on future generations, thereby diminishing the equity of the
system.

The relationships between risk channels and the core principles of social security are illus-
trated in a simplified manner in Figure 2.1. Each bullet point in this figure has a link to
the specific section where it is explained in detail, namely 2.4.4, 2.5.3, 2.6.3, and 2.7.3. Ad-
ditionally, each of these sections refers back to the corresponding bullet point in Figure 2.1
during its explanation.

Lastly, before we delve into the various channels of climate risk transmission, we would like to
emphasize that while this literature review offers a comprehensive overview of the potential
effects of climate change on the fundamental principles of social security, further research
is needed to determine how income transfers and benefits should be adapted in the coming
decades. Our intention with this review is to enhance the understanding of the challenges
climate change presents for social security and to connect different areas of research that are
critical for future actuarial studies.

In the remainder of this paper, Section 2.2 outlines the methodology used to select the
relevant papers. Section 2.3 defines social security and discusses its principles of adequacy,
equity, and sustainability. A detailed explanation of the various channels through which
physical and transition risks impact social security is provided in the following sections:
consumer prices in Section 2.4, labor markets in Section 2.5, financial markets in Section
2.6, and health outcomes in Section 2.7. The concluding remarks are discussed in Section
2.8.

2.2 Methodology

In our search for literature, we aimed to identify studies related to the potential effects of
climate change on the principles of sustainability, adequacy, and equity within social security
systems. However, one of the main challenges we encountered was the lack of climate change
literature specifically focused on social security. In contrast, we found a substantial amount
of literature addressing various aspects that are relevant to social security but not directly
associated with it. As a result, given the pioneering nature of this study, our search focused
on detecting and integrating different perspectives from diverse fields that examine the effects
of climate change on factors that are themselves important for social security systems. This
approach aims not only to foster a comprehensive understanding of the impacts of climate
change but also to identify research progress and patterns that could encourage further
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Figure 2.1: Taxonomy of the effects of climate risk on social security systems. Source: Author own creation.
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investigation from a social security perspective. Since our goal involves exploring multiple
fields with a broad inquiry, a systematic review would be too restrictive and impractical for
our objectives. Therefore, we conduct this study within the framework of an integrative
review [215].

As a first step, we identified as focus of our research the analysis of the impacts of climate
change across four specific risk channels: cost of living, labor markets, financial markets,
and health outcomes. We selected these channels as they are the ultimate result of more
complex interactions between climate change and socioeconomic systems. Additionally, to
further refine the scope of our research, we concentrated on papers that primarily address
the physical and transitional risks related to climate change.

Once the global scope on climate change were set, we utilize our expertise from an actuarial
perspective to define the search criteria for papers that could help identify potential effects
on the principles of social security. The following script was used:

SEARCH ("climate change" OR ("physical risk" OR "transition risks")) AND (

("costs of living" OR "inflation" OR "food security" OR "risk of
hunger" OR "energy security" OR "energy poverty" OR "price instability")

OR ("Labor markets" OR "employment" OR "unemployment" OR "labor supply" OR
"labor demand" OR "wage income" OR "informality" OR "work poverty" OR
"labor productivity" OR "occupational costs")

OR ("financial markets" OR "investments" OR "green investment" OR

"asset losses" OR "asset devaluation" OR "financial losses" OR "carbon
divestment" OR "market risk" OR "ESG" OR "SRI" OR "corporate responsible
investment" OR "carbon pricing")

OR ("health outcomes" OR "mortality" OR "morbidity" OR "diseases"
OR "illnesses" OR "NCD" OR "health care" OR "occupational health" OR
"disability")

)

This search was conducted using the Google Scholar database. We focused on academic
papers published from 2015 onwards; however, some earlier papers were included if they
contributed to a better understanding of more recent studies. Publications with fewer than
ten citations were excluded, unless they were published after 2022. We primarily considered
papers with an economic or statistical modeling design for empirical analysis or projections.
Literature reviews were also included if they contained papers with similar characteristics.
Since the objective of this review is centered on social security and its principles of adequacy,
equity, and sustainability, we prioritized papers that specifically address the impacts of
physical and transitional risks on key sectors for social security. These sectors include the
elderly, workers, disabled individuals, and households. In Figure 2.2, the left side shows
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the total number of papers searched based on the defined criteria prior to selecting those
more directly related to the functioning of social security. The right side displays the total
number of papers selected for analysis. Initially, we identified 957 papers; from this, we
narrowed down our selection to 176 for detailed analysis. Additionally, we included eleven
non-academic papers from various global organizations, such as the International Actuarial
Association (IAA), the World Bank, and the International Labor Organization (ILO), to
provide supplementary information.

WSearchzgfﬂ Supplementary material:11

—_ —
o A o A
Cost of living: 181 Cost of living: 53

Selected:176

__________ Financial markets: 51
Health outcomes: 274 Health outcomes: 41
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Figure 2.2: Counting of the papers considered for each risk channel.

2.3 Definition of social security

The relevance of social security in tackling future challenges posed by climate change can
be traced back to the origins of this notion in the 1930s and 1940s. The Social Security
Act, enacted in 1937 by the United States in response to the poverty experienced by the
elderly and families severely impacted by the Great Depression, is often considered the initial
introduction of this concept [140]. However, some studies suggest that the notion of social
security made significant progress in European countries in the context of the Second World
War [137, 140]. In both instances, price instabilities, food insecurity, and income poverty
prompted legislation aimed at expanding welfare systems, which were frequently categorized
under the term “social security”. While income redistribution was a primary goal of the Social
Security Act to stimulate the economy [192], in the aftermath of the war, providing workers
with security against poverty became a crucial measure to encourage them to increase their
efforts, replace lost equipment, and maintain the productivity levels necessary for recovery
from wartime losses [137]. Similarly, climate change may present comparable challenges;
however, responses will require a more comprehensive approach to social security that aligns
with modern welfare systems.

The terms “social security” and “social insurance” are often used interchangeably; however,
social security has a broader definition that connects social insurance schemes to the over-
all welfare system of a country. According to Laroque (1948) [137], social security can be
defined as a national goal aimed at ensuring a sense of security to everyone who relies on
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their labor for income. In contrast, social insurance encompasses separate insurance plans,
often covering wage workers from materialized social risks such as unemployment, invalid-
ity, and retirement. In other words, social insurance is just one method of delivering social
security, which can also be combined with other protection mechanisms such as social assis-
tance programs and social services. However, despite this national and public connotation,
the concept of social security has also been influenced by international organizations and
the private insurance sector [140]. International organizations have established standard re-
quirements for social security with the goal of expanding its coverage and standardizing the
concept across different countries. Meanwhile, the rapid expansion of private insurance and
pension funds has influenced their integration within social security systems [140)].
Accordingly, we define the social security system as any mandatory program that offers
protection against job-related accidents, occupational diseases, unemployment, maternity,
sickness, disability, retirement, survivorship, and death. The benefits provided by these sys-
tems include coverage for children and other family members, as well as healthcare services,
rehabilitation, and long-term care. This coverage encompasses not only social insurance but
also provisions from social assistance and social services. Additionally, it includes private
organizations such as pension funds, which are integrated into a country’s social security
system according to its national laws or practices [140]. In general, the benefits provided
can be categorized into four main types: universal (or uniform benefits), earnings-substitute
(benefits based on pre-hazard income), benefits for physical incapacity, and selective benefits
(financed by taxation rather than social insurance) [96]. While the benefits in each cate-
gory may vary, they all aim to uphold three fundamental principles: adequacy, equity, and
sustainability. These principles can be defined as follows:

- Adequacy

The definition of adequacy is often associated with income replacement and poverty allevi-
ation [8, 96]. While these concepts are typically applied to retirement schemes, a broader
definition that includes other components of social security is necessary for a comprehensive
assessment of the system’s adequacy. In this regard, the International Social Security Asso-
ciation (ISSA) [96] offers a multidimensional definition that aligns with the overall concept
of social security. According to this definition, in cases such as old-age and unemployment,
the adequacy of the system can be defined in two ways: first, by ensuring a decent standard
of living that exceeds the poverty line, or second, by providing income replacement based on
an individual’s most recent and stable income level. For disability insurance, benefits should
also cover costs associated with daily assistance, mobility, and healthcare. Additionally, the
adequacy of benefits should also be linked to preventing inefficiencies that may arise from
increased disincentives to work and diminished insurability. Specifically, while overly gener-
ous benefits can encourage idleness, low eligibility rates or excessive solidarity can diminish
the net expected benefits for most insured individuals, ultimately affecting the insurability
of social risks.

- Bquity

The idea of equity in social security analysis often relates to how much the system deviates
from actuarial fairness. In general, the idea of social security as a combination of social
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insurance and social assistance mechanisms reduces the emphasis on an exact equivalence
between individual contributions and benefits. Instead, the focus shifts to maintaining a bal-
ance between aggregate contributions and overall risks, aiming for all members of society to
collectively achieve an adequate standard of living and access to health services [137]. While
solidarity is a key aspect of this understanding of social security, it also raises important
questions about obligations and fairness between generations [9, 36]. In this regard, equity
is typically assessed through the lens of actuarial equivalence, which examines the level of
discrepancy between the individual’s present value of benefits and contributions [8, 33, 193].

- Sustainability

The financial sustainability of the social security system can be associated with the ability of
the system to maintain a healthy balance between adequacy and equity, while emphasizing
intergenerational equity. According to the ISSA, a sustainable social security system is one
that promotes intergenerational equity by ensuring that its total reserve is sufficient to cover
any potential future deficits, without depending on the national budget [96]. Typically,
studies on pension systems evaluate sustainability by comparing total contributions and
funded reserves to overall pension expenditures [8]. However, when considering social security
as a whole, it is more appropriate to adopt sustainable approaches that consider the long-
term equilibrium between government expenses, debts, and revenues, while ensuring that
social security remains self-financing [54, 129, 120).

2.4 Costs of living

As people age, they may experience the effects of inflation differently. This poses a chal-
lenge for pension plans to make equitable adjustments that ensure decent living standards
for all members, especially considering the marked differences in spending habits between
working individuals and older adults 38, 93]. Older adults typically spend more on medical
products and services [38], and a significant portion of their income is allocated to food
[88]. Meanwhile, working individuals, in addition to allocating their income for essentials
and savings, may also have to face higher income taxes to alleviate inflation pressures on
retirement benefits [35]. In the context of climate change, these inflation disparities can be
even more pronounced.

Climate change can lead to instability in the cost of living through three main categories
of risk: physical risks, transition risks, and higher healthcare expenses [27, 76]. The first
category entails economic physical losses stemming from increased occurrences of extreme
weather events and high temperatures. These adverse events can lead to price hikes due to
damage to infrastructure and disruptions in production systems. The food systems may be
one of the most affected sectors due to the potential economic losses caused by damages to
crops, livestock, and adverse climate conditions. Transition risks, on the other hand, arise
from policies aimed at reducing carbon emissions and transitioning to clean energy sources.
These policies can lead to increases in electricity and fossil fuel prices, which in turn may
result in higher production costs across different sectors. Lastly, the third category involves
health declines from high temperatures, extreme weather events, and air pollution, which
can lead to increased medical expenses and reduced labor productivity.
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2.4.1 Physical risk drivers of price instabilities

When it comes to the impact of climate-related physical risks on consumer prices, food ap-
pears to be the most impacted commodity. Persistent temperature increases can modify
critical climate factors for agriculture production, such as precipitation, evaporation, and
frost. Furthermore, changes in climate patterns can lead to severe weather events such as
droughts, storms, and floods. As a result, agricultural yield may decline, leading to supply
and demand shocks that ultimately result in inflation instabilities [239]. Numerous empiri-
cal studies suggest that the impact of climate change on global food prices varies by region,
depending on geographical location, climate conditions, and economic development. For
example, extreme weather events in developing countries are projected to have the most
prolonged and substantial impacts on food prices and headline inflation. This is mainly
because economic activity in developing countries heavily rely on domestic agricultural pro-
duction, with low integration into global food markets and fewer infrastructural means to
adapt to climate changes. Furthermore, food is a significant component of the consumption
basket in these countries |76, 182, 239|.

Globally, food prices are already under increasing pressure due to the continuing slowdown in
agricultural production. The International Food Policy Research Institute (IFPRI) [155] has
recently reported a decline in the annual growth rate of global food production from 2.8% to
1.8% since 1960, with developing countries experiencing an even more severe decline, from
3.2% to 2.0% (see Figure 2.3). While climate change may not be the sole reason for this
decline, it is estimated to have contributed to about 20% of it. This trend in food production
not only reduces food availability but also impacts the incomes of rural producers, who may
respond by increasing food prices. Self-employed farmers may be less affected, contrary to
households dependent on wage labor, who may have to bear higher food prices [17].
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Figure 2.3: Average annual global food production estimates, using 2015 global average farm-gate prices
in purchasing-power-parity dollars. Source: Estimates from the Economic Research Service of the US De-
partment of Agriculture (USDA) [155].
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Variations in food prices can also be observed as a result of differences in regional climate
conditions, with some regions experiencing negative impacts, but also some benefiting from
changes in climate patterns [17]. Findings in Yusifzada (2023) [239] suggest that higher
temperatures can actually have a beneficial impact on crop production in some countries with
unfavorable agricultural conditions. In these countries, increased temperatures can lead to
more rainfall, increased sunlight exposure, and can help mitigate adverse conditions like frost
and ice coverage, ultimately enhancing agricultural activities. For example, Yu et al. (2020)
[238] suggest that the rise in precipitation and temperature in Kazakhstan could positively
affect the production and export of rice and wheat in the country, potentially leading to
a significant decrease in wheat imports. However, the same increase in precipitation may
also have a negative effect on the growth of maize, increasing the import of this cereal.
Considering the significant role of Kazakhstan in global cereal markets, this type of variations
in trading patterns could greatly influence global food prices and increase commodity price
volatilities [17]. Consequently, changes in food production and trade patterns could have
a significant impact on global food security. While some countries may experience positive
price responses to climate change, the overall effect on prices could be negative, affecting a
larger number of countries.[239).

From a more optimistic standpoint, the regional differences in the impact of climate change
on food production could also offer a solution to mitigate food insecurity [17|. Recent studies
suggest that international trade could help balance food supply worldwide by redistribut-
ing surplus and scarcity [17, 122, 239]. According to a scenario analysis by the Food and
Agriculture Organization (FAO, 2018) [53], international food trade is predicted to increase
by 0.9% by the year 2050 under an advanced scenario of climate change (RCP 6.0), with
crop trade expected to rise by 2.2%, livestock trade by 0.7%, and processed food trade by
0.5%. The total exports from regions with a positive agricultural production outlook are ex-
pected to increase by 1.6%, while vulnerable regions are expected to increase food imports by
0.6%. Although global food trade can increase food availability worldwide, its accessibility
in importing countries could still be affected by high prices and increased volatility.

In summary, consumer price instabilities resulting from climate-related physical risks can
considerably impact food security, especially in already vulnerable countries. While efforts
to mitigate and adapt to these risks may include increasing global food production and trade,
they can also lead to negative outcomes, such as changes in national restrictions on food trade
and heightened competition with biofuel producers for land use. This can ultimately result
in rising food prices. Consequently, the discussion about the impact of climate risks on
consumer prices will be continued in Section 2.4.2, focusing this time on transition risks.

2.4.2 Transition risk drivers of price instabilities

In response to growing concerns about the physical impacts of climate change, many coun-
tries worldwide have started implementing different types of climate policies to reduce carbon
emissions. One of the most commonly used policy approaches is carbon pricing. Following
the “polluter pays principle,” this type of policy aims to incorporate the social cost of green-
house gas emissions into energy markets [99]. Naturally, this strategy results in increased
costs not only for energy systems but also for supply chains that rely on fossil fuels |64].
Consequently, carbon pricing can have potential impacts on households, including higher
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energy prices, reduced purchasing power, and unemployment.

The impacts of carbon pricing on households have raised concerns about the fairness of
climate policies, prompting policymakers to consider the distributional effects of carbon
costs among the population [151]. For example, numerous studies on policy assessment
analyze whether a specific policy has a greater impact on low-income households (regressive
policy), a greater impact on high-income households (progressive policy), or an equal impact
across different income levels (neutral policy). In general, policymakers find it challenging
to implement ambitious carbon pricing policies due to their potential adverse effects on low-
income households. This situation has led to the average price per ton of carbon being set
at around US$6, much lower than the recommended range of US$40-80 per ton suggested
by the High-Level Commission on Carbon Prices. Consequently, the effectiveness of carbon
pricing in achieving the Paris Agreement targets is still limited [213].

Household living costs are directly and indirectly affected by increases in fossil fuel prices.
Direct impacts include higher costs for essential needs such as transportation, heating, and
cooking. Indirect effects are felt through the prices of goods and services that rely on
fossil fuels for production [134]. These impacts vary across countries, with emerging and
developing nations experiencing larger and more prolonged increases in inflation following
a fuel price shock. For example, research conducted by Abdallah and Kpodar (2023) |[3]
found that while an inflationary shock in high-income countries tends to diminish after a few
months, in emerging and developing countries, inflation can be up to five times higher and
can persist for more than 24 months. This considerable disparity between countries can be
partially attributed to the higher energy intensity in emerging and developing countries and
their lack of trust in the effectiveness of central banks. In particular, the lack of credibility
in monetary policy often leads to higher inflation expectations, causing second-round effects
such as increased wage demands by workers and subsequent price increases by producers.
Despite potential higher inflationary pressures in less developed countries, this effect can
actually be progressive within those nations [78, 134]. An empirical analysis by Kpodar and
Li (2022) [134] suggests that marginal increases in fossil fuel prices can have a higher impact
on the purchasing power of the wealthiest households in both developing and developed
countries !. However, these marginal progressive effects may vary depending on the levels
of carbon prices implemented and the socioeconomic conditions of a country. For example,
according to a study by Dorband et al. (2019) [64], a carbon price of approximately US$30
per ton of CO, can have varying distributional impacts depending on household income and
the economic growth level of the country. The study revealed that lower-income households
in developing countries are likely to experience a progressive distributional effect. However,
as countries have a higher GDP per capita, the effect tends to become regressive. Their
results suggest that the poorest individuals in low-income countries tend to lose less than
2.5% of their income following the implementation of the carbon pricing policy, while the
poorest in middle-income countries experience higher income loses, ranging from 2.5% to
5.5%. Interestingly, this seemingly innocuous impact on lower-income households in low-
income countries actually reveals the energy insecurity issues experienced in these countries.
In fact, the lowest income households are the least affected by carbon pricing policies due to

'In the study by Kpodar and Li [134], the wealthiest and poorest households are defined as the top 20%
of the highest and lowest household incomes.
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their limited access to energy and transportation [64, 203, 213|. As a result, carbon pricing
strategies may actually conflict with UN sustainable goals, such as poverty eradication (SDG
1) and energy security (SDG 7).

It is worth noting that while moderate carbon pricing measures may be considered progres-
sive in developing countries, resulting in relatively less income loss for the poorest part of
their population, the income loss for these populations may still be higher than that expe-
rienced by the poorest populations in developed countries. For example, according to Sager
(2023) [203], countries like China and Indonesia may experience significantly higher income
losses than other developed or developing countries. While the estimated income loss for the
poorest individuals in these two countries tends to be higher than 2.0% [64, 203], in devel-
oped countries where carbon pricing tends to be regressive, such as the EU and the United
States, income losses are typically lower than 1.0%, much lower than in many developing
countries [203]. This effect is primarily due to the heavy reliance on fossil fuel consumption
in developing countries rather than differences in the level of energy consumption.

In addition to impacting consumer prices through energy systems, carbon pricing can also
significantly affect prices in food systems. As the second-highest greenhouse gas emitter,
responsible for about 30% of global greenhouse gas emissions [39, 229], agriculture sectors are
increasingly under assessment by policymakers aiming for more ambitious climate mitigation
targets. Unlike energy carbon pricing, where the conclusions on its distributional effects are
still ambiguous, with some studies showing progressive effects but others showing regressive
effects for certain countries, when it comes to food carbon pricing, the consensus on its
regressive nature tends to be consistent [39, 240]. In general, a higher financial burden on
low-income households is expected, with price increases varying by type of food product.
Vegetables and fruits, which have a low impact on global warming, are likely to see smaller
price increases. In contrast, products such as livestock, which have a higher emissions impact,
are expected to face larger price increases 2 3. In a scenario analysis conducted by Zhang
et al. (2024) [240] on the effects of implementing a 1.5°C target carbon tax on energy and
agriculture production in China, it was projected that, compared to 2020, prices by the
year 2050 would increase by approximately 4-5% for meat, 2-4% for dairy products, oil,
and sugar, and by less than 2% for vegetables, grains, and fruits. While the changes in
prices for individual items may seem negligible, they could result in an important increase
in overall consumption costs, particularly for low-income households. The results of this
analysis suggest a decrease in consumption of 5-7% for meat, 3-5% for dairy products and
sugar, and less than 3% for grains, oil, vegetables, and fruits. Low-income households are
predicted to experience the most significant inflation pressures but also the most significant
decrease in nutritional availability, with an average reduction in protein of 2.29% and energy
of 1.57%. In contrast, high-income urban households would experience average nutritional
losses in protein of 1.31% and energy of 1.1% [240].

2For example, a systematic literature review conducted by Clune et al. (2017) [52] estimated that veg-
etable and fruit production contribute to global warming by 0.37 kg CO3-eq/kg and 0.42 kg CO2-eq/kg,
respectively, while other food categories such as ruminant livestock in lamb and beef contribute by 25.58 kg
CO3-eq/kg bone-free meat and 26.61 kg COs-eq/kg bone-free meat, respectively.

3Greenhouse gas emissions are often measured in terms of carbon dioxide equivalents (COs-eq). This
unit represents the amount of carbon dioxide that would have an equivalent impact on global warming as a
unit of a given non-CQOs gas over a specified time period, usually assumed to be 100 years.
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Similar to physical risks, transition risks can also affect pension plans and social security by
potentially diminishing the purchasing power of benefits and increasing the financial burden
on contributors. In particular, fluctuations in energy and food prices can be significant
concerns, as limited access to these essentials may lead to health problems for members,
which in turn can result in higher healthcare costs. The following sections will explore
the risk factors contributing to increased healthcare costs associated with food and energy
insecurity.

2.4.3 Drivers of increased healthcare costs

As previously discussed, both physical and transition climate risks can significantly impact
living standards and, consequently, health outcomes. While rising energy and food prices
are critical factors in declining health conditions, other aspects of energy and food security,
such as maintaining an adequate supply, can also lead to health complications and increase
the burden of healthcare costs. This section will explore the main drivers of energy and food
insecurity that may lead to increased healthcare expenses for both households and social
security systems.

2.4.3.1 Food security

The impact of climate change on food security is not a short-term issue but a long-term
challenge. It is not only limited to food availability issues caused by damage to crops and
livestock; it can also affect other aspects of food security, such as food accessibility and
nutritional availability [31, 40, 73, 97]. These effects can have long-lasting consequences,
leading to significant demographic changes in fertility and health outcomes. On the one
hand, price increases resulting from physical and transition factors can diminish the ability
of households to access and purchase healthy food at an affordable price, forcing low-income
households to make dietary changes involving the intake of cheap and low-nutritional food
products. On the other hand, high concentrations of COy in the atmosphere can also lead
to nutritional issues. While it can enhance crop growth, the excess carbon can diminish the
nutritional value of food by decreasing the content of proteins and important nutrients such as
calcium, magnesium, and zinc [180]. Additionally, temperature changes and extreme weather
can result in diseases and pests, which may lead to excessive use of pesticides and veterinary
medicines, compromising the healthiness of food. As a result, reduced food availability
and poor nutrition can impair cognitive development and increase morbidity and mortality,
particularly among vulnerable populations such as the elderly and those living in poverty
[31]. This direct relationship between food, health, and social welfare [97] underscores the
importance of food security within social security decision-making.

When assessing food security, a typical approach is to estimate the number of people at
risk of hunger. This measure is used in several studies to determine the accessibility and
availability of food within a country, both of which are fundamental aspects of food security *.

4The FAO methodology (FAQ, 2008 [77]) is typically used to estimate the number of people at risk of
hunger. In simple terms, this methodology assumes that food consumption in a country follows a log-normal
distribution, with parameters based on the average calorie intake per person per day and the coefficient
of variation of habitual dietary energy consumption. The proportion of people at risk of hunger is then
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While the number of people at risk of hunger has decreased in recent decades, several studies
indicate that the impact of climate change and mitigation policies can potentially reverse
this trend [86, 121]. Projections from the International Food Policy Research Institute [113],
represented in Figure 3.1, indicate a worldwide increase in the number of people at risk
of hunger due to climate change . Their estimates suggest that by 2050, climate change
could put 72 million people at risk of hunger, in addition to the projected 406 million people
globally facing this risk.
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Figure 2.4: Projections of population at risk of hunger by region by year 2050, and estimated excess of risk
due to climate change by the years 2030 and 2050. Source: Estimates from the International Food Policy
Research Institute (IFPRI) [113].

Several studies have also shown that climate change mitigation policies could have a much
larger negative impact on food security than taking no further action [86, 104]. For example,
a scenario analysis conducted by Fujimori S. et al. (2019) [86] suggests that, although climate
change may be slowing the decline in hunger risk, the number of people at risk of hunger by
2050 could be over 70% lower in scenarios without further climate-related policies compared
to those with strict mitigation measures. This increase in the risk of hunger is partly due to
the decrease in economic growth, incomes, and consumption levels caused by climate change
mitigation policies [86, 156, 210|. Specifically, with strict policies aimed at reducing global
temperatures below 2°C or 1.5°C, the number of people at risk of hunger is projected to
decline by around 56% or 48% by 2050, respectively. This is significantly lower than the
two-thirds reduction expected without additional mitigation policies. This increase in the
risk of hunger is mainly due to the significant rise in expected carbon prices between 2030
and 2040 under these mitigation scenarios.

calculated as the probability of consuming less than the minimum dietary energy requirement.

>The reference scenario without climate change assumes constant climate as in the year 2005 in the
Shared Socioeconomic Pathway 2. The scenario of climate change assumes the Representative Concentration
Pathway 8.5 under the Shared Socioeconomic Pathway 2 and the HadGEM general circulation model (For
more details see Sulser et al. (2021) [220]).
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The impact of climate change on food security can greatly increase household living costs
by reducing their well-being and, consequently, raising healthcare expenses. Changes in di-
etary patterns and decreased food consumption are generally associated with increased non-
communicable diseases and deaths [39, 217|. According to estimates based on the Global
Burden of Diseases, Injuries, and Risk Factors Study (GBD) [5], diet-related deaths ac-
counted for approximately 22% of total deaths among the adult population in 2017, with
about 45% of these deaths occurring in adults younger than 70 years. This trend has led to
increased healthcare costs in many countries, with multiple studies highlighting the rise in
the use and costs of healthcare services as food insecurity increases among individuals [58,
222]. Given the heightened vulnerability of low-income households to both food insecurity
and climate change-related risks, this situation poses a significant strain on public health
systems, emphasizing the urgent need for policy interventions.

Countries with lower levels of social and economic development often face the highest rates
of diet-related deaths [5|, making them particularly vulnerable to the impacts of climate
change. According to a scenario analysis conducted by Springmann et al. (2016) [217], the
decline in food consumption due to climate change could lead to an estimated 529,000 global
deaths in 2050. This figure on diet-related deaths accounts for 28% of the total deaths that
could potentially be avoided in a scenario without climate change. This excess mortality is
predicted to be more important in low and middle-income countries in the Western Pacific
and Southeast Asia, with an estimated 264’000 and 164’000 related deaths, respectively. The
lower consumption of vegetables and fruit is the main contributing factor of these deaths.
However, on a positive note, these estimates also suggest small improvements in mortality
due to reduced red meat consumption, accounting for approximately 29,000 fewer deaths in
2050 [217].

Multiple studies indicate that adopting healthy diets rich in low-emission products, such
as fruits and vegetables, can significantly contribute to mitigating climate change [39, 216,
218]. However, the feasibility of these diets may pose challenges, particularly as they can
be unaffordable for certain populations. According to a scenario analysis by Springmann
et al. (2021) [218], substituting animal products with alternatives such as legumes, grains,
vegetables, and fruits can make balanced healthy diets 18-45% more expensive in lower-
middle-income and low-income countries, and up to 22-34% less expensive in high-income
and upper-middle-income countries. Conversely, when diet costs include the costs of climate
change (social cost of carbon) and health care costs, combined with halved food waste and
favorable socioeconomic conditions °, balanced healthy diets are projected to reduce their
costs by 25% and 29% by 2050 in lower-middle-income and low-income countries, respectively.
The global average price of balanced healthy diets is estimated at 19-37% less expensive [218§].
In summary, climate change can negatively impact food security in several ways. It may lead
to rising food prices due to damage to crops and livestock, or it may reduce the nutritional
value of food as a result of excessive carbon concentrations or agricultural practices that
involve the overuse of pesticides and veterinary medicine. These issues can cause health
problems and increase medical expenses, further straining household budgets. FExisting lit-
erature also highlights the effects of mitigation efforts on food security. For instance, policy

6The greater socioeconomic development was assumed as the Shared Socioeconomic Pathway 2. For more
details see Springmann et al. (2021) [218]
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actions such as carbon taxes can raise food production costs, while policies encouraging ex-
tensive use of biofuels may compete with food production for land resources [166|. These
policy issues, commonly referred to as the “food versus fuel” debate 7, underscores another
critical need that must be addressed: energy security. This discussion will be explored further
in the section below.

2.4.3.2 Energy security

The debate over the “food versus fuel” dilemma arises not only due to the macroeconomic
competition between food and energy production but also because of the impact of this
competition on the accessibility of households to food and energy. Access to a reliable and
uninterrupted energy supply is essential for ensuring the health and well-being of households
[123]. It enables them to meet their basic needs, such as cooking, heating, cooling, and
lighting, as well as the operation of critical equipment such as medical devices [123]. The
extensive literature on household energy supply addresses these concerns under the name
of energy insecurity or energy poverty. Energy poverty in developed countries is typically
defined as a situation where households face a high burden on their income to purchase
energy [49, 214|. It is measured by determining a maximum ratio of income that can be
allocated to energy expenses. For instance, the Warm Homes and Energy Conservation Act,
a strategy launched in the U.K. in 2000 to mitigate energy poverty, defines energy poverty as
the excess of 10% of household income in energy purchasing |22, 123, 241]. On the other hand,
energy poverty in developing countries is generally defined as the inaccessibility to modern
energy sources [49, 214, 241]. This difference in perception of energy poverty highlights the
existing inequity worldwide and the need to promote renewable energy to narrow the gap
and alleviate energy poverty. To address these inequities, the UN and the International
Energy Agency (IEA) use a universal concept of energy poverty that encompasses excessive
reliance on polluting solid fuels, inadequate access to clean energy, and poor energy supply
quality [138, 214, 241].

Climate change can impact people’s well-being through two forms of energy insecurity:
chronic (long-term) and acute (short-term) energy insecurity [123|. Chronic energy insecu-
rity stems from socioeconomic and demographic conditions that consistently limit household
access to an adequate energy supply. These factors include gender, age, education, income,
and socioeconomic status. Acute energy insecurity, on the other hand, results from external
events that could disrupt energy supply, such as extreme weather events, shortages, and
energy rationing policies. The elderly and disabled are especially at risk due to potential
situations where they may not have access to the energy needed to safeguard themselves from
heat waves or extremely cold weather. Additionally, they may have higher energy needs due
to being homebound or requiring medical devices. Elderly people living in older buildings
may also have limited resources to make home improvements, adopt new energy sources,

" Approximately 60% of the renewable energy produced in the EU comes from biomass, including biofuels.
However, since first-generation biofuels are derived from food crops such as corn and sugar beets, their
production has the potential to negatively impact food provision targets and raise food prices. In response
to these concerns, the European Parliament approved the ILUC Directive (2015/1513) in April 2015. This
directive establishes that at least 3% of biofuel production must not come from food crops, thereby promoting
the use of next-generation biofuels [161]
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or make their homes more energy efficient. In children, energy insecurity can also have
important implications, disrupting education and leading to mental health and behavioral
problems. Inadequate energy supply can cause health issues in both the elderly and children,
including cardiovascular and respiratory illnesses, arthritis, anxiety, depression, and stress
[123].

- The potential role of social security in promoting enerqgy security:

Chronic and acute energy insecurity and its effects on health and well-being are critical is-
sues closely related to investments, economic development, and technological progress [19)].
The relationship between these key factors underscores the essential role of social security in
enhancing energy security. Specifically, social security systems can adjust their mechanisms
of resource accumulation and allocation to meet the future long-term income needs of vul-
nerable populations while also supporting the development of clean energy sources. Multiple
scenario analyses support this idea [1, 29, 138, 241|, showing that a smooth transition to
clean energy can not only help mitigate the negative impacts of climate change but also
promote the economic growth necessary to meet essential future needs, such as access to
food and energy.

According to the ideas presented in Lee et al.(2022) [138], innovation in clean energy tech-
nologies can help achieve emission reduction goals while simultaneously addressing energy
poverty. These two goals can be achieved in three ways. Firstly, by using the principles
of energy demand theory, technology innovation can promote a shift towards renewable en-
ergy sources by making them more affordable compared to traditional sources. Secondly,
besides encouraging the use of low-carbon energies, innovation can create employment op-
portunities, leading to economic growth. Finally, allocating more resources towards research
and innovation can accelerate the transformation towards a sustainable energy system that
ensure energy security. However, the effectiveness of deploying clean energies to reduce en-
ergy poverty largely depends on regional conditions [1, 29, 241]. For instance, due to the
well-developed economy and advanced energy infrastructure in European countries, an ac-
celerated growth of clean energy industries is feasible, potentially alleviating energy poverty.
Additionally, the ability to produce clean energy domestically has enabled these countries
to lower their fossil fuel import costs [141]. Conversely, in some developing Asian countries,
where current economic growth is slow and energy infrastructure is insufficiently developed,
adopting a clean energy system can lead to inefficient energy consumption and increased
economic costs, exacerbating energy poverty. For these countries, addressing energy poverty
depends on the global progress of clean energy technologies.

In this way, accelerating the energy transition necessary to meet climate goals can result
in additional social benefits. The TEA [29] emphasizes that actively investing in promoting
universal access to clean energy could lead to immediate economic growth, job creation, and
the modernization of health services and food supply. Projections based on its Net Zero
scenario ® suggest that required government and private investments could lead to a 0.5%
GDP growth, driven by the boost of productive sectors such as engineering, manufacturing,
and construction. However, although the overall projected outlook is positive, it is important

8The IEA’s Net Zero scenario outlines a stringent and achievable pathway for the global energy sector to
achieve net zero emissions by 2050. For further details refer to IEA(2021) [1, 29|
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to note that some regions may experience less favorable effects. Specifically, countries that
heavily rely on exporting oil and gas may see a significant decrease in GDP due to lower
demand for fossil fuels. For example, it is projected that these countries may experience a
50% decline in oil and gas sales between 2021 and 2050. Since revenue from fossil fuel sales is
crucial for funding social investment, such as education and healthcare, the decline of fossil
fuel industries could have a significant social impact on these countries [29).

Accordingly, the current emphasis on clean energy security could provide several advantages
for households, including economic growth, better health, and overall improved well-being.
These advantages can reduce the financial strain on social security by lowering healthcare
and income security costs. However, these effects depend on regional development and
policy actions, making some regions more advantageous than others. Generally, developing
countries are more vulnerable and are projected to experience the highest social costs of the
energy transition, disproportionately affecting larger low-income households. In this regard,
social security may have an increasing role in protecting vulnerable populations from most
of these costs. This intervention could be passive by redefining contributions and benefits
according to potential increased costs, but also active by increasing investments in clean
energy or influencing government intervention in the achievement of a just energy transition.

2.4.4 Effects of price instability on the adequacy of social security
systems

The adequacy of social security can be understood as a societal agreement on the minimum
living standards that every member should attain, regardless of their total contributions. In
general, this concept often emphasizes solidarity, as it facilitates income transfers from more
advantaged individuals to those in need. While the assessment of social security adequacy
typically relies on specific income and consumption benchmarks — such as poverty guidelines,
national average incomes, and reference consumption budgets — this assessment can be chal-
lenging due to the diverse needs of populations in different regions [223|. In particular, when
it comes to climate change and its effects on price stability, several effects may not be fully
captured. In this regard, we can identify three main climate-related effects that should be
integrated into social security adequacy assessment: the regressive effects of climate policies,
energy and food security, and labor and financial stability.

- Regressive effects of climate policies:

According to the ideas discussed in Section 2.4.2, climate policies are anticipated to increase
the costs of household consumption, with food and energy prices posing the greatest concern
for social security. Some studies suggest that wealthy households may bear the brunt of
energy policy costs, while other analyses indicate that low-income populations will dispro-
portionately face the financial burden in countries pursuing development goals. Agricultural
emissions policies, on the other hand, are also predicted to significantly impact the budgets
of low-income households [39, 216, 218]; however, when considering other potential costs,
the overall effect may ultimately be positive. For example, adopting healthier diets, which
are often associated with lower greenhouse gas emissions, could lead to decreased healthcare
costs and reduced economic losses related to climate change. This, along with potential
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economic growth, may ultimately help lower the overall cost of living [218|.

These ideas suggest crucial considerations for future benefit and contribution adjustments
of social security. The long-term increases in living costs and regressive consequences can
be alleviated by implementing appropriate income redistribution transfers alongside climate
policies. Moreover, if the system includes a funded component, green investments could lead
to greater participation from wealthier contributors in the energy transition and economic
development, thereby stabilizing prices and reducing potential regressive effects (Fig 2.1:
regressive effects).

- Energy and food security:

Energy and food security are essential needs for all households. Although these aspects are
typically linked to income security, individuals who do not live in poverty can still encounter
difficulties accessing reliable and high-quality food and energy supplies. For example, elderly
individuals with poor housing conditions and limited financial resources may struggle to
adopt modern energy sources or improve their home’s energy efficiency, leading them to
bear higher energy costs [87]. Additionally, the scarcity of certain food products can drive
up prices, forcing households to rely on lower nutritional substitutes. These situations may
lead to inadequacies in the income benefits provided by social security systems (Fig 2.1: food
security; energy security).

The adaptability of social security to scenarios of food or energy insecurity, may require
more comprehensive and long-term solutions than periodic adjustments to benefits, which
may not fully capture the complexity of the issue. For example, benefit adjustments based
on headline inflation often overlook the fact that households may have already responded to
rising energy and food costs by cutting back on expenses for non-essential goods and services
[76]. This decrease in the consumption of non-essential items can lower headline inflation,
potentially obscuring underlying issues of energy and food poverty. In contrast, long-term
strategic planning for social security transfers that aligns with climate-related socio-economic
trends and mitigation policies can enhance the effective redistribution of resources based on
potential consumption needs.

- Labor and financial stability:

Labor and financial stability are crucial for social security due to their direct effect on
income security and their close link to price stability |23, 165, 210], both of which are vital
for benefit adequacy. In pay-as-you-go systems, when population growth declines or the
growth in per capita wage income is lower than the rise in living costs, providing adequate
support to beneficiaries, such as the unemployed and retirees, may either become unfeasible
or widen the inequity gap between benefits and contributions. In funded systems, on the
other hand, decreases in wage income during the working period can impede adequate wealth
accumulation by retirement. Furthermore, if risk-adjusted returns do not keep pace with
rising living costs, inflation can significantly erode the value of funded savings. Ultimately,
this may compromise the adequacy of future benefits (Fig 2.1: inflation pressures).

The mechanisms for ensuring adequacy vary by country and certainly depend on their level of
economic development. Some countries focus on providing appropriate benefits, while others
prioritize reducing the cost of living from a macroeconomic perspective [223]. Considering
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the various channels through which climate change can affect social security, an integrated
strategy that combines both mechanisms may be more effective. In particular, given the
significant accumulation and distribution of incomes managed by social security systems,
pension schemes that define their contributions and benefits optimally in light of future
climate change scenarios could help stimulate the economic growth needed to stabilize living
costs. This strategy has the potential not only to restore the adequacy of pension benefits
but also to create improved economic conditions for those contributing to the system.

2.5 Labor markets

The impact of climate change on labor markets can be categorized into physical risks and
transition risks. Physical risks are related to changes in productivity and increased occu-
pational illnesses due to extreme temperatures and weather events. Transition risks are
associated with the shortcomings of mitigation policies to ensure a just transition for work-
ers °. Regarding social security, physical risks can have long-term effects on its sustainability
by impacting the health and productivity of future workers, leading to reduced labor tax
revenues, increased healthcare costs, and rising disability benefit payments. This is particu-
larly critical given the significant number of workers affected. According to the World Health
Organization (WHO), about 26% of the adult population works outdoors and is exposed to
health risks due to the physical effects of climate change and air pollution. While mitigation
policies can help reduce these adverse impacts by improving environmental conditions, they
may still threaten other principles of social security, such as equality and adequate coverage.
The transformation of jobs and the potential increase in unemployment, informality, and
temporary jobs could lead to significant economic shocks that need to be considered.

2.5.1 Physical risk drivers of labor market instabilities

The direct physical impacts of climate change on labor markets, particularly through extreme
heat, can significantly affect the health and productivity of outdoor workers, especially in
the agriculture and construction sectors [178]. Specifically, when employees are exposed to
prolonged physical activity in high temperatures, the increase in metabolic heat production
combined with the outside temperatures can cause excessive physiological strain on body
temperature regulation. This can severely compromise the health of workers both in the
short term and long term [72]. On the one hand, extreme heat can lead to health issues
such as heat stroke and worsen non-communicable diseases like cardiovascular and kidney
diseases [72, 178]. On the other hand, high temperatures can negatively affect the body’s
physiological response, leading to a decline in both physical and cognitive abilities. As a
result, when temperatures exceed a certain level, workers often slow down and take more
frequent breaks to cope with the effects of the heat, ultimately reducing labor productivity

9 According to the ILO, the goal of a just transition is to balance the benefits of climate action with
effective social dialogue and respect for labor principles and rights. In this way, in addition to promoting
more ecologically sustainable growth, a just transition also provides opportunities to address other social
objectives, including social inclusiveness, poverty reduction, and the creation of decent job opportunities
[174].
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[72, 55, 226]. While employers may find these increased unproductive periods inconvenient,
limiting breaks is not practical either. Doing so can heighten the risk of occupational injuries
and may further diminish productivity [72].

Numerous studies indicate that the amount of time people are willing to work (labor supply)
is influenced by ambient temperatures in a concave manner. This implies that as tempera-
tures increase, labor supply also increases until it reaches a maximum point, after which it
starts to decrease. According to a study by Dasgupta et al. (2021) [55], outdoor workers who
are fully exposed to heat tend to maximize their labor supply at an annual mean temperature
of 14.7°C, while indoor workers reach this threshold at 16.2°C. This study also suggests the
existence of regional variations, indicating that outdoor workers in Africa, America, and Asia
reach their maximum labor supply at annual mean temperatures of around 20°C, whereas
for Europe, this value is around 11.2°C. Under these ideas, this study indicates that current
heat stress is already causing suboptimal productivity levels, especially in tropical regions
where the hot and humid climate increases the risk of heat exhaustion or heatstroke. In this
regard, other empirical analyses have also observed significant effects of increased heat and
humidity on labor productivity, particularly affecting outdoor workers in low and middle-
income tropical countries. For example, Parsons et al. (2022) [185] estimate that exposure
of outdoor workers to humid heat caused more than a 10% annual productivity loss in the
GDP of various tropical African countries between 2000 and 2020. Similarly, an analysis
conducted by Dunne et al. (2013) [68] estimates that total labor productivity has decreased
by approximately 6% to 10% during peak heat and humid months from 1990.

In line with these empirical findings, most projections related to climate change suggest a
significant decline in labor productivity, especially in low-latitude countries |55, 57, 68]. Ac-
cording to projections by Dasgupta et al. (2021) [55], a global mean temperature increase of
3.0°C above pre-industrial levels would result in a substantial decrease in labor productiv-
ity of outdoor workers, especially in Africa, Asia, and America, with estimated reductions
of 32.8%, 25.1%, and 16.7% respectively. In Europe, the decrease in labor productivity is
expected to be considerably lower, amounting to only 5.8% [55]. A study by Dunne et al.
(2013) |68] states that if active mitigation policies are implemented to limit global warming to
2.0°C above pre-industrial levels (RCP 4.5), labor capacity during peak heat-humid months
is projected to decrease and stabilize around 20-25% after the year 2050. Alternatively, in a
scenario of continued high greenhouse gas emissions with temperatures reaching 3.4°C above
pre-industrial levels (RCP 8.5), projections indicate a 40% decrease in labor capacity during
peak heat-humid months by the year 2100 [68].

Interestingly, despite the substantial impacts of extreme heat on labor productivity, the
effects on output production may be lower. This is partly because producers can respond to
reduced labor productivity by implementing strategies such as increasing mechanization or
raising prices [178|. Projections by Orlov et al. (2020) [178] suggest that while a scenario of
continued greenhouse gas emissions (RCP 8.5) could reduce labor productivity of outdoor
workers in agriculture and construction by 4.2% by the year 2050, reduction in production is
lower, accounting to decreases of 0.8% in crops, 1.3% in livestock, and 2.1% in construction.
This low effect on production is partly due to the inelasticity of food demand, meaning that
any drop in supply often results in an increase in prices. Projections in De Lima et al.
(2021) [57| suggest that crop prices could increase by more than 5% due to reduced labor
productivity under global temperature increases exceeding 3.0°C. Furthermore, technological
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automation is projected to reduce global productivity losses by 0.4 percentage points by the
year 2100. However, this effect is somewhat limited due to the slow adoption of technology
in developing countries [178].

In the agricultural sector, the impact of extreme heat on labor productivity can also sig-
nificantly affect employment rates and wage incomes of farmers. As mentioned earlier, au-
tomation technologies could help producers reduce the workload of workers and offset losses
in food production. However, accessibility to such mechanisms in poor countries could be
limited, highly depending on future economic growth. As a result, increased demand for
agricultural workers may be a more immediate mitigation mechanism used by producers in
low-income countries [57]. De Lima et al. (2021) [57] projects a 14% increase in agricultural
labor demand in a scenario where global temperatures rise by more than 3.0°C. This increase
in agricultural workers is expected to be concentrated in regions with high heat humidity,
such as South Asia, Southeast Asia, and sub-Saharan Africa, each accounting for around
30% of the total demand. Despite this increase in demand for labor that may push up the
wages of agricultural workers, the combined impact of reduced working hours per worker
and higher food prices could decrease their real wages. Estimates for South Asia and South
America indicate a reduction in average daily agricultural real incomes of around 10%, while
for Southeast Asia and sub-Saharan Africa, it tends to be around 20% [57|.

Accordingly, increases in food prices, reductions in real wages, and occupational health
impacts are the main potential physical risk factors affecting social security through labor
markets. There are three main effects to consider. Firstly, regions with limited social security
coverage for the labor force, such as Sub-Saharan Africa (15%), South-East Asia (25%),
and South Asia (7%) [117, 119], are facing the most significant impacts on the health and
income security of outdoor workers due to extreme heat and humidity. This emphasizes the
increasing challenge that climate change may pose in achieving increased social protection
coverage in these areas as set by the poverty eradication goal established by the UN (SDG
1). Secondly, the combined effect of reduced labor productivity, especially in agricultural
sectors in tropical areas, along with other factors, such as crop and livestock damage, could
significantly increase inflationary pressures for households. For example, projections by De
Lima et al. (2021) [57] suggest that a 3°C global temperature increase could diminish crop
productivity in low-latitude regions by 10-40% and lead to a global increase in crop prices of
approximately 5%. This may affect the adequacy of retirement benefits and harm workers’
affordability of contribution payments, especially in the agriculture sector. Finally, extreme
temperatures can also impact social security by increasing the costs of healthcare services due
to occupational diseases. This includes immediate effects of heat stress, as well as long-term
effects resulting from the development or worsening of non-communicable diseases. These
conditions can also lead to increased invalidity benefit payments. Additional details on the
effects of extreme heat exposure on health outcomes can be found in Section 2.7.

2.5.2 Transition risk drivers of labor market instabilities

The potential impact of climate change policies on labor markets is a sensitive issue for
policymakers worldwide. Advocating for a just transition, the feasibility of mitigation policies
should be closely tied to minimal long-term adverse effects on employment, labor quality,
and labor productivity. Several analyses have emerged to provide insights into the potential
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effects of policy actions on labor markets. However, most of these analyses exhibit two
main limitations [94]. First, some of them tend to be biased by only presenting overall net
estimates and disregarding potential negative impacts on vulnerable sectors. Second, the
methodologies and assumptions used by the different analyses often lead to incomparable
results, some of which have unrealistic applicability. Despite these limitations, the consensus
among numerous analyses is that moderate mitigation policies can have small positive or
neutral aggregate effects on employment, with some studies highlighting negative impacts
on specific population sectors [94].

Multiple demand-driven models ' suggest that in a scenario without ambitious climate
mitigation policies, the current path of increasing productivity and high demand to recover
from climate-related losses can lead to short-term employment growth and higher wages.
However, this path may lead to reduced investment and profitability over the next few
decades due to continued severe climate damages, especially by the end of the century [102,
199]. According to simulations conducted by Rezai et al.(2018) [199], the economy could grow
around 3% per year until the end of the century. However, after that point, a rapid decline
may occur due to rising temperatures and the consequent damage caused by climate change.
Since the resulting decrease in investment cannot meet aggregate demand, unemployment
rates will rise, leading to increased labor productivity. It is predicted that the effects of
increased labor productivity may have a long-lasting impact on pushing down employment.
This progressive effect could lead to a more unequal income distribution, increasing the
demand for social protection mechanisms such as public transfers [199].

Conversely, effective climate mitigation policies offer a more positive outlook. In general,
the consensus from economic models suggests that mitigation policies may have a small net
positive or negative impact on employment. For example, in a demand-driven system, the
economy is expected to continue growing, fueled by the increasing demand to recover from
damages caused by climate change, as well as efforts to prevent further adverse impacts.
This growth is likely to lead to increased investment and more job opportunities ' [199].
Simulations conducted by Hafstead et al.(2018) [102] show that while carbon-intensive indus-
tries may experience higher unemployment due to mitigation policies, this may be offset by
increased employment in clean industries. This balancing act is primarily due to the growth
of clean industries resulting from increased consumption and production of non-polluting
goods. A recent study by Malerba et al. (2021) [152] supports these ideas within a context
of moderate climate mitigation policies. Their research suggests that the clean industries
have the potential to create more job opportunities than those that may be lost in carbon-
intensive industries. According to their projections, policy actions could lead to a 0.3%
increase in employment in high and middle-income countries by 2030. The majority of new
jobs are expected to be created in the manufacturing, electricity, and construction industries,
accounting for 85% of the predicted job growth. This trend is primarily due to the higher

19Under a demand-driven system, increases in employment and output are determined by the increase in
the level of aggregate demand. Therefore, low aggregated demand leads to unemployment and unutilized
resources, with minimum repercussions on prices. In a supply-driven system, all available resources are
utilized, and an increase in demand only leads to higher prices without any increase in supply.

" These approaches should be considered with caution since some scholars believe that economic recovery
based on increased output cannot be sustained with current natural resources (see e.g Mastini et al., (2021)
[156])
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labor demand for manufacturers and construction workers in renewable energy industries
than in fossil fuels sectors. As a result, although most job losses are anticipated in coal
mining and fossil fuel-based electricity sectors, the intensity of unemployment is significantly
lower compared to job creation in clean industries.

However, as mentioned earlier, each model approach has unique assumptions, so their con-
clusions should be carefully assessed in relation to the actual conditions in each country.
Notably, as highlighted by Hafstead et al. (2018) [103], most economic models that analyze
the effects of climate change on labor markets may not accurately reflect the key charac-
teristics of developing countries. Typically, these countries face higher unemployment rates,
a greater prevalence of informal jobs, and notable differences in labor quality across sec-
tors, such as between rural and urban workers. Additionally, governments in these countries
often lack job security programs [103, 197]. Due to the lack of job opportunities and unem-
ployment protection, individuals cannot afford to wait for formal job offers. Consequently,
self-employment often becomes the primary alternative to unemployment. Considering these
key characteristics of labor markets in developing countries, when examining the impact of
climate policies on labor markets, it should be done in terms of the transition between formal,
informal, and self-employment [196].

In a simulation reflecting the economic conditions in India, Reidt (2021) [196] finds that
the impact of a moderate carbon tax on labor markets varies significantly based on how
the tax revenue is utilized. The study suggests that if the revenue from carbon taxes is
used to reduce labor income taxes or bureaucratic costs per worker, it could have positive
effects on formal employment in terms of wages and number of jobs. Lowering labor income
taxes could result in a significant increase in wage incomes with a relatively small increase
in the number of new employment opportunities, while reducing bureaucratic costs could
prompt a rise in the supply of employment with a neutral effect on wages. Since informality
and self-employment might not incur labor income taxes or bureaucratic costs but cannot
evade paying for carbon taxes, the positive effects on formal jobs are expected to come at
the expense of informal jobs, which may experience a decline in terms of employment and
wages.

In a different stream of models, empirical analyses also provide valuable insights into the
assessment of the effects of mitigation policies on labor markets. While economic models
generally indicate positive or neutral aggregated impacts of climate policies on labor markets
[45], post-implementation evidence confirms these perspectives to a certain extent but also
reveals regressive effects [94|. In a recent literature review, Godinho (2022) [94] discusses
the findings of various post-implementation analyses on labor issues arising from different
types of climate policies. One relevant example is a study conducted by Yip (2018) [237] on
the regressive impacts of the revenue-neutral carbon tax implemented in British Columbia.
This study specifically points out the disproportionately negative effect of this policy on low-
educated male workers. Its findings indicate that unemployment among low-educated male
workers increased by 2.4 percentage points, compared to only 0.6 percentage points for their
highly-educated counterparts. This disparity is partially due to the significant impact of the
carbon tax on energy-intensive manufacturing industries, which are predominantly comprised
of low-educated workers. Moreover, individuals with medium and low education levels often
transitioned to temporary or part-time jobs. Some of them also lost their motivation to
remain in the labor force [237].



39 2.5. Labor markets

Additional issues have also been revealed in post-implementation analyses of policies involv-
ing renewable energy deployment, innovation projects, and green economies. For example,
qualitative studies on policies implemented in developing countries have shown mixed effects.
These analyses emphasize job creation as a positive outcome, but also indicate increasing la-
bor inequalities and unfairness. Commonly reported issues by local communities include the
exclusion of local workers, low wages, unsafe working conditions, limited occupational health
coverage, and short work duration. However, analyses also highlight the positive impacts of
clean energy infrastructure projects in generating indirect jobs within supply chains, such
as those in transportation and cement, as well as induced jobs in sectors like tourism and
recreation [94].

Accordingly, while some studies suggest that climate policies can have neutral or even pos-
itive impacts on net employment, a different conclusion may be reached when analyzing
resulting structural changes in labor markets [45]. Indeed, for social security systems, the
small projected net employment impact of mitigation policies may not be a major concern.
However, projected changes in job quality and the resulting distributional effects may be a
more critical aspect. We have identified three potential adverse impacts of structural changes
in labor markets that could threaten the functioning of social security. These impacts in-
clude an increase in involuntary early retirement, a decrease in wages and working hours,
and a rise in informality within the workforce. These effects may arise from employers try-
ing to cut labor costs in response to carbon taxes or from emerging labor market demands
for higher-skilled workers in green economies. In both scenarios, workers with lower levels
of education may struggle to find new jobs, especially older workers who already face age
discrimination from firms that set age limits for new hires |65]. Older workers may be forced
to opt for early retirement, while younger workers might face unemployment or be pushed
into informal, part-time, and temporary jobs. These combined effects can lead to increased
payouts for early retirement or unemployment benefits, as well as reduced income tax contri-
butions from the energy and related sectors. Possible protective government measures may
involve using revenue from carbon taxes to reduce labor taxes for low-educated workers or
to fund training and education programs that can help these workers prepare for future skill
requirements [45].

2.5.3 Effects of labor market instabilities on the sustainability, ad-
equacy, and equity of social security systems

The sustainability of a social security system is closely linked to the willingness of the popu-
lation to allocate a portion of their income to finance it [116]. This willingness depends not
only on the balance between the adequacy and equity of the benefits provided but also on
the various socioeconomic factors that influence the ability of the workforce to contribute
the required resources. Based on the discussion in Section 2.4 regarding the effects of climate
change on costs of living and the adequacy of benefits, along with insights on labor mar-
kets from Sections 2.5.1 and 2.5.2, we have identified three key climate-related risk drivers
affecting the different principles of social security through labor instabilities. These factors
include: changes in the structure of the labor market, decreased labor productivity, and
rising occupational health costs. While these factors certainly affect the financing capabil-
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ities of both funded and pay-as-you-go systems, their impact on funded systems is more
closely related to the long-term financial returns. This topic is discussed in greater detail in
Section 2.6. In contrast, pay-as-you-go systems are directly affected by labor instabilities,
which influence the periodic financial resources available to meet their social insurance obli-
gations. Therefore, this section will primarily focus on the effects of labor instabilities in
pay-as-you-go systems.

- Structural changes in labor markets:

Despite significant efforts by many countries to extend social security coverage to self-
employed and informal workers [116, 167|, contributory social security systems remain pre-
dominantly composed of wage employees. In this context, both physical and transitional
climate risks pose important challenges for ensuring the adequacy and sustainability of so-
cial security systems. On one hand, informal workers are particularly vulnerable to extreme
heat and severe weather events [13, 63, 221|, underscoring the urgent need to expand social
security coverage for this at-risk population (Fig. 2.1: extension of coverage to informal
sectors). To address this issue, policy approaches often involve a mix of contributory and
non-contributory systems, with the latter typically funded through taxes, mineral tax rev-
enues, or external grants [118]. In particular, this responsibility to increase income coverage
for vulnerable sectors aligns with the necessity to enhance the adequacy of the social security
system. However, since short-term social protections, such as unemployment and sickness
benefits, are often financed through pay-as-you-go systems, this could place additional strain
on financial sustainability [115]. Indeed, while the energy transition may result in a slight
net increase in employment (Fig. 2.1: job losses/creation), it could also lead to greater
informality, declining wages, and reduced working hours (Fig. 2.1: income changes; rising of
informal, temporary and part-time jobs). This situation not only put a strain on the finan-
cial resources of social security systems but also limit the effectiveness of social protection
mechanisms. For instance, an empirical analysis conducted by Malerba and Kirsten (2021)
[152] shows that the increase in jobs driven by climate policies in non-EU countries [149]
could undermine social security efforts aimed at reducing in-work poverty in the affected
industries. This is primarily due to the high prevalence of informal and low-wage jobs in the
energy, construction, and manufacturing sectors, which are anticipated to see the highest
rise in job opportunities, primarily for low-educated workers.

- Decreased labour productivity:

The importance of increased labor productivity in promoting economic growth and raising
wages underscores the necessity of enhancing workers’ well-being to support social security
financing systems |116]. While the impact of extreme heat and severe weather events on
labor productivity can be directly linked to negative effects on long-term economic growth
and thus, the financial sustainability of social security systems (Fig. 2.1: decreased labor
productivity), a more complex issue arises regarding the adequacy of social security benefits
in supporting labor protection (Fig. 2.1: rising labor protection mechanisms). Specifically,
improving labour productivity may require labor protection mechanisms such as fostering
increased access to income security, health care and education among workers. In addition,
providing cash and non-cash benefits (such as training, sickness, maternity leave and work-
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related accidents) can also contribute to this improvement [116, 118]. Consequently, this
approach may lead to a combined effect. First, it may create a need to increase contribution
rates (Fig. 2.1: contributions and benefits adjustments), potentially reducing the equity of
the system. Second, since optimal labor productivity can help ensure financial sustainability,
it may justify increased solidarity and reduce potential inequities (Fig. 2.1: rising burden of
labor protection costs).

In this context, the effects of climate change on labor productivity put back on the table the
importance of including informal sectors in analysis and policy discussions. The informal
sector accounts for more than 60% of the global workforce and over 90% of agricultural
workers [118]. Lack of coverage in these sectors not only leads to increased in-work poverty in
affected industries but can also have broader implications for the entire economy, contributing
to rising prices and reducing the real value of wages and social security benefits. As a result,
although increasing coverage in informal sectors may require increased societal solidarity, the
potential benefits to economic growth and price stability could offset the additional burden
on the formal sector. Ultimately, this combined effect could help restore the equity level of
the social security system.

- Ruising occupational health costs:

Extreme temperatures can have a considerable impact on social security systems by increas-
ing occupational health care costs, and thus, putting some strain in the financial stability of
these systems. This excess in costs are related to both the immediate effects of heat stress
and the long-term consequences of developing or worsening non-communicable diseases. In
particular, outdoor workers are at the highest risk due to their continued exposure to extreme
temperatures, poor air quality, and hazardous weather conditions [13, 63, 221]. Given that
this group heavily relies on social security protection, the increasing strain on financial sta-
bility may disproportionately increase the solidarity efforts required from less affected sectors
(Fig. 2.1: increased burden of occupational healthcare costs). While these effects are most
severe for workers in tropical and subtropical regions, as well as in low- and middle-income
countries where in-work poverty is more prevalent, healthcare costs associated with extreme
temperatures can be also substantial in advanced economies |232].

The existing literature on the economic burden of climate change on public health services,
although limited, provides valuable insights 2. In general, these studies highlight a significant
relationship between extreme heat and increased utilization of ambulances, emergency rooms,
and inpatient services [232, 231]. For instance, projections by Wondmagegn et al. (2021)
[231], based on hospitalization records from South Australia, indicate that by mid-century,
under a higher temperature scenario (RCP8.5), annual hospital admissions due to heat stress
could rise by 90%. This increase in admissions would result in an associated rise in healthcare
costs of 72% '3. In another study, Lin et al. (2012) [144] analyzed hospitalization records
related to extreme heat during the summer seasons in New York State. Their results suggest
that by mid-century, the annual rise in admissions for respiratory problems could be 1.9 to 2.6

12Further research is particularly needed on projected economic health burden estimates in developing
countries, as well as a separate focus on occupational causes.

13These estimates include projected population growth from the baseline period (2010-2015). Assuming
a constant population, the number of annual hospital admissions due to heat stress is estimated to increase
by 31% and the associated costs by 19%.
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times higher, with associated costs potentially increasing by 9 to 12 times. Similarly, Hiibler
et al. (2008) [109] estimate that annual heat-induced casualties in Germany could more
than triple from 2071 to 2100, with hospitalization costs rising sixfold. However, despite the
significant projected rise in the frequency and costs of heat-related diseases, they account
for less than 1% of total annual hospitalization costs [109, 231].

2.6 Financial markets

The growing involvement of private pension funds in managing public pension systems has
been a significant factor in many reforms aimed at reducing government expenditures [69,
194]. One common approach to integrating public and private pension systems is the
three-pillar pension scheme recommended by the World Bank [233] 1. Generally, these
public-private pension schemes represent a structural shift in pension funding, which in turn
strengthens the public regulatory framework that governs private pension funds. Firstly,
these schemes introduce financial risks into public pension systems that traditionally oper-
ated as defined benefit schemes funded through pay-as-you-go systems !°. Secondly, they
induce a principal-agent problem due to limited control that beneficiaries have over the
investment decisions made by pension fund managers. As a result, numerous regulatory
measures and best practice codes have been developed to protect beneficiaries and provide
guidelines for financial investment decisions within a framework of prudence and loyalty [69].
In this context, social security pension systems can be broadly defined as the national inter-
face between public and private systems, where employee participation is mandatory. Given
the significant role that funded systems play within private pension schemes, the impact
of climate change on financial markets raises major concerns for social security from two
key perspectives. First, climate change can diminish investment revenues due to poten-
tial damage to assets and loss of value caused by high temperatures and extreme weather
events (physical risk). Second, the involvement of pension funds in supporting the transi-
tion to clean energy and low-carbon economies may lead to potential financial losses and
governance instability (transition risk).

2.6.1 Physical risk drivers of financial instabilities

Climate change can affect financial assets through various risk drivers, including direct dam-
age and devaluation of assets, disruption of business operations, increased adjustment costs,
and changes in the risk profile of firms [42]. While all of these factors can lead to variations
in a company’s value and risk exposure, ultimately affecting asset prices, adjustment costs
stand out as the primary costs associated with climate change [195]. Broadly speaking, these

14This system consists of a publicly managed and mandatory first pillar, complemented by a mandatory
second pillar and a voluntary third pillar, both of which are privately managed. While the first pillar aims to
reduce poverty by providing minimum living standards to beneficiaries, the second pillar aims to supplement
the coverage provided by the first pillar and ensure that employees can maintain their living standards at
retirement. Through the third pillar, employees can enhance their retirement income by building a voluntary
private pension provision.

15Private pension systems are typically fully funded. While they have historically been defined benefit
schemes, they are increasingly moving towards defined contribution schemes.
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costs refer to the expenses incurred when making changes to initial optimal decisions that do
not align with actual optimality levels. As noted by Quiggin and Horowitz (2003) [195], the
adjustment costs of climate change predominantly affect natural capital and long-lived assets
that rely on specific geophysical conditions for optimal functioning (e.g., hydroelectric power
generation facilities). In general, higher adjustment costs occur when the useful life of these
assets is potentially reduced due to adverse climate conditions (e.g., drought of water reser-
voirs). Small businesses in the agriculture, construction, manufacturing, and transportation
sectors are particularly vulnerable to adjustment costs due to their high exposure to climate
events and limited resources for adaptation [18, 98|.

In order to compensate investors for the additional risks and associated adjustment costs,
firms are required to increase their cost of capital and offer higher expected returns, thereby
reducing their value. According to a study by Balvers et al. (2017) [18], uncertainty sur-
rounding temperature changes has been linked to an average annual increase in capital costs
of 0.22 percentage points in the US stock market. Naturally, these costs vary from one asset
to another depending on on their climate risk exposure, with higher costs typically affecting
firms that are less geographically diversified or heavily dependent on climate-sensitive phys-
ical assets. For example, municipal bonds often face higher capital costs due to the inability
to relocate financed projects from vulnerable areas. As a result, these bonds typically of-
fer higher initial yields and underwriting fees to compensate for the inherent climate risks.
Painter (2020) [181] estimates that a 1% increase in climate risk leads to a 5% increase in
the issuance costs of municipal bonds. Corporate bonds are another example of assets that
are subject to climate-related costs of capital. Although companies can reduce capital costs
associated with their issued bonds by relocating their facilities away from vulnerable areas,
this option may not be feasible in all cases. For example, an analysis conducted by Allman
(2022) [7] found that a one standard deviation increase in a firm’s exposure to sea level rise
has resulted in an average 3% increase in yield spreads on corporate bonds issued by U.S.
public firms.

In this regard, there is a substantial body of literature that highlights the importance of
understanding and assessing physical climate risks for asset valuation [34|. However, some
limitations have been identified. While several studies have shown that investors take into
account physical climate risk when making investment decisions [42], numerous financial
experts also believe that equity markets underestimate these risks [219]. Indeed, empirical
evidence supports this perception, showing that temperature shocks consistently result in
increased price volatility rather than the neutral risk-adjusted excess returns characteristic
of unbiased risk assessments. For example, an empirical analysis by Griffin et al. (2019)
[98] identified negatively biased responses by investors to temperature shocks near firms’
headquarters, leading to an average decrease in equity prices ranging from 0.4% to 1.4%
during the first 20 days after the temperature shock. Consequently, this and other studies
emphasize the need for detailed climate-related damage information at the asset level to
correct biased evaluations of physical climate risks [34]. Despite this, companies continue to
provide limited and primarily qualitative climate risk information in their disclosures |7, 98].
Pension funds, as major asset owners with investment portfolios consisting primarily of
bonds, stocks, and real estate, are certainly exposed to physical climate risks. In this context,
fund managers may face primary challenges due to high adjustment costs and climate-biased
risk assessments. Additionally, their potential active involvement in mitigating these risks
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can present further significant challenges. Given their substantial assets under management,
pension funds have the potential to make a meaningful mitigation impact by promoting
best practices in environmentally sustainable investments and enhancing disclosures related
to carbon emissions and climate damages. However, while these practices can help reduce
physical risks, they can also induce transition risks. For example, if asset managers dispro-
portionately divest from carbon-intensive assets, the uncertainty regarding the timing and
strictness of mitigation policies could lead to underperformance compared to benchmark
portfolios [11]. Conversely, keeping carbon-intensity assets can be risky if they suddenly
become overvalued due to new mitigation policies. Therefore, physical risks cannot be prop-
erly assessed without considering their transition risks counterparts. The key considerations
related to transition risks will be discussed in the following section.

2.6.2 Transition risk drivers of financial investment instabilities

Numerous governments have put in place several policies encouraging institutional investors
to take part in renewable energy projects. These policies include feed-in tariffs, off-take
price support, and AAA credit ratings for green bonds. Nonetheless, despite the financial
benefits of green investments, these markets have yet to fully earn the trust of investors [60].
In most of the literature, two primary barriers to green investment are highlighted: policy
uncertainty and regulatory investment constraints [60, 100, 101]. Policy uncertainty arises
when policies are not sufficiently effective or efficient, leading to likely future revisions. For
example, policies that excessively subsidize clean technologies may be terminated early due
to the resulting significant burden on the government. Additionally, a lack of transparency
and enforcement in climate governance can further increases policy uncertainty, making it
difficult for industrial sectors to build trust and develop viable green projects . On the
other hand, regulatory investment constraints are mainly related to fiduciary duties, liquidity
constraints, and solvency regulations [60, 100, 101].

Pension fund trustees have the discretionary power to act on behalf of their beneficiaries to
secure their retirement income. This responsibility comes with a legal obligation, primarily
driven by two key principles: acting prudently and with loyalty. The duty of prudence calls
for acting with discretion, diligence, and rationality when managing beneficiaries’ property,
while the duty of loyalty calls for acting in the sole or best interest of their beneficiaries.
Under this governance framework, pension fund trustees face challenges in aligning with
global climate goals. Since fiduciary duties prioritize financial benefits, it may not be clearly
distinguished when non-financial criteria align with it [95]. Moreover, the lack of knowledge
in financing mechanisms for green projects, such as private equity and infrastructure invest-
ments, and the absence of reliable data on the performance, costs, and risks associated with
green investments make fund managers less confident about including these investments in
their portfolios [60].

16 An example of the rise of policy uncertainty was seen in the scheme of tradable green certificates intro-
duced in Norway and Sweden [89, 145]. The scheme faced policy uncertainty and transparency issues due
to price dependence on political decisions regarding electricity consumption or sale targets. Furthermore,
investors in Norway were hesitant to invest in renewable projects due to the tight deadline for plants to
become eligible to sell green certificates by 2021.
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2.6.2.1 Policy uncertainty

The uncertainty surrounding climate policies worldwide can be significant. This uncertainty
can be influenced by unanticipated changes in emissions reduction plans, stakeholder re-
sponses, political interventions, technological progress, and investment decisions [91, 143].
Two primary global drivers of policy uncertainty can be identified [143|. The first driver stems
from inconsistent commitments of certain countries to achieve emission reduction targets.
The second driver is attributed to gaps in effectively meeting climate goals. Inconsistencies
in climate commitment can be seen in delayed or contradictory climate actions, such as
extending the timeline for removing fossil fuel subsidies or when developed countries seek
to reduce domestic emissions while simultaneously investing in carbon-intensive projects in
less regulated countries. Effectiveness gaps, on the other hand, are evident in the disparity
between emission reduction targets and actual achievements, as well as in discrepancies with
respect to the requirements of the Paris Agreement. These two key drivers of policy uncer-
tainty are particularly important for investors, as they significantly influence both the clean
energy and fossil fuel sectors [143].

Considering their substantial asset holdings, pension funds can play a crucial role in achieving
emission reduction targets and promoting policy stability [95]. While divestment strategies
and governance practices (e.g., engagement) are commonly employed for these purposes,
they should be carefully considered in terms of regulatory restrictions (see sections 2.6.2.2
and 2.6.2.3), effectiveness in emission reductions, and financial performance. Firstly, some
studies suggest that divesting from fossil fuel assets may not affect financial performance
[112, 188]. While it may initially appear that removing investments in fossil fuel companies
could lead to missed opportunities for high expected returns, such investments also come
with heightened risks. These risks may stem from market valuation of climate regulations
and the potential for assets to become stranded. As a result, several empirical analyses
indicate that carbon-divested portfolios often yield higher risk-adjusted returns compared to
benchmark portfolios containing fossil fuel assets [112, 189|. Despite this, the consensus in
favor of divestment strategies is not unanimous. Some arguments against divestment include
the fact that the capital invested in fossil fuel by potential key divestors, such as universities
and public pension funds, is relatively small compared to the overall market value of fossil
fuel companies. Consequently, even a significant divestment campaign may only result in
minor price declines, ultimately benefiting climate-neutral investors [14, 198, 206].
Alternative to full divestment, engaging with firms’ board members to promote cleaner
energy business models seems like a more proactive approach. Under the perception that
full divestment may remove all incentives for carbon-intensive companies to reform, several
larger pension funds have signalled their preference for a shareholder engagement approach
[125, 188]. A recent analysis by Kahn et al. (2023) [125] of US public pension funds
found a direct relationship between their increased ownership shares in carbon-intensive
companies and a subsequent reduction in those companies’ carbon emissions. In contrast,
divesting trends did not provide significant statistical evidence of a reduction in carbon
intensity. Despite this isolated example, evidence supporting the effectiveness of pension
funds’ engagement in reducing carbon emissions remains very limited. This is largely because
the engagement efforts of pension funds tend to concentrate on enhancing disclosures and
transparency regarding companies’ actions to reduce carbon emissions, which, in addition
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to typically taking place in private meetings, have not yet led to substantial improvements
[159].

Even though there is a lack of empirical data supporting the effectiveness of engagement
practices, scholars have extensively addressed the discussion surrounding the corporate re-
sponsibilities of pension funds. This is primarily due to the perception that governments may
not be able to achieve climate goals on their own [10]. Typically, engagement is framed within
a corporate social responsibility (CSR) business model, where environmentally harmful prac-
tices are gradually eliminated in the companies in which institutional investors hold stakes
[10]. Given their substantial financial resources, pension funds can significantly increase their
shareholding in carbon-intensive companies, thereby amplifying their corporate influence in
reducing carbon emissions effectively [10, 198]. Corporate actions may involve responsibly
exercising voting rights and promoting strategies that influence legislation to incentivize
green investments [136]. Alternatively, due to this substantial ownership of companies in
multiple sectors, a system-level investment approach through coalitions and partnerships
[136, 198] has the financial influence to effectively shape investment trends and emissions
policies. Examples of system-level approaches include the UN-Convened Net Zero Asset
Owner Alliance (NZAOA) and the UN Secretary-General’s Climate Ambition Summit, both
aimed at achieving net-zero greenhouse gas emissions by 2050 [136].

Considering the benefits of each strategy, integrating divestment strategies with corporate
governance could be a more effective way to achieve climate goals and influence policy stabil-
ity [95, 56, 198, 188]. An example of a mix between the two approaches is through best-in-
class screening. In this strategy, investors engage with companies that not only demonstrate
strong financial performance but also show a commitment to environmental sustainability
within their sectors. By doing so, this strategy encourages companies performing poorly
in the same sector to enhance their efforts in reducing carbon emissions. Additionally, en-
gagement efforts typically focus on enhancing the disclosure of carbon-related information.
This helps investors and other stakeholders better understand climate risks, leading to more
informed decision-making [56].

2.6.2.2 Fiduciary duty restrictions

The management of physical and transition risks may require balancing financial and environ-
mental benefits. Two commonly used approaches for this purpose are Environmental, Social,
and Governance (ESG) investing and Socially Responsible Investing (SRI). Despite both SRI
and ESG strategies considering financial and environmental factors, their underlying prin-
ciples and motivations can sometimes contrast [15, 136]. While SRI practices may promote
excluding certain companies from investment portfolios for ethical reasons, potentially ac-
cepting financial harm, ESG practices include non-financial factors as key components of risk
mitigation and value creation strategies prioritizing financial benefits [10, 136]. The main
considerations for each of these types of strategies are discussed below.

- Considerations on SRI investing:

SRI usually involves a screening process to identify and select investments that align with
ethical and sustainable values. This process can be categorized into two main types: posi-
tive screening and negative screening. Positive screening focuses on selecting companies that
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exhibit strong social and environmental practices. In contrast, negative screening excludes
companies that are considered controversial or do not meet certain ethical standards. SRI
can also take the form of CSR practices, encouraging firms to pursue social and environmen-
tal objectives alongside financial profitability. However, despite the fact that SRI has the
potential to have a positive impact on society, its ethical considerations, which prioritize the
interests of third parties, may raise questions about the loyalty of fund managers [201, 205,
206.

When it comes to being socially responsible investors, pension funds face a challenge in
proving their loyalty to fund members. This duty usually takes one of two main connotations:
acting in the “sole” interest of beneficiaries or, more flexibly, acting in the “best” interest of
beneficiaries. Under the duty of “sole” interest duty, pension funds are required to manage the
trust without being influenced by any third-party interests. In contrast, the “best” interest
duty allows for the consideration of collateral benefits but requires that pension funds act
fairly, in good faith, and primarily for the benefit of the fund owners [206].

Some analysts suggest that SRI can fulfill the fiduciary duty, provided there is no explicit
prohibition against it [201]. This alignment depends on whether the loyalty duty prioritizes
the best or sole interests of the beneficiaries and how those interests are defined. Generally,
the duty of “sole” interest does not permit any form of SRI due to the collateral nature of the
benefits it pursues. However, if these benefits are defined in a way that includes ethical and
social goals alongside financial returns, there may be exceptions. When fiduciary objectives
prioritize financial returns, collateral benefits may only be allowed under the duty of “best”
interest, provided that it can be shown that the investment portfolio is adequately diversified
and that financial returns are not compromised (duty of prudence). In this context, SRI
necessitates strict social and environmental regulations or markets with strong social norms
to demonstrate its superior risk profile [112, 201|. Without these conditions, financial markets
tend to favor investors who prioritize profit over environmental concerns. Finally, to ensure
that the best interests of beneficiaries are upheld, any decision related to SRI should be
made with their consent [201].

Consequently, while SRI may not be allowed under the “sole” interest duty, it could be permis-
sible under the “best” interest duty. This, however, requires a thorough risk assessment and
often involves governance practices such as active involvement in investment management
and shareholder voting. Nonetheless, the presence of collateral benefits can make SRI quite
limiting for pension funds, particularly if it threatens financial returns. In these cases, ESG
strategies that emphasize achieving high-risk-adjusted returns are generally more acceptable
to trustees. This approach is commonly referred to as risk-return ESG investing, in contrast
to SRI, which is often referred to as collateral benefits ESG [206]. The considerations for
pension funds regarding risk-return ESG strategies are discussed below.

- Considerations on risk-return ESG investing:

Integrating ESG factors into pension fund investment practices must be aligned with their
fiduciary duty and regulatory requirements [10, 201|. While ESG factors have often been
viewed as social and ethical considerations that could limit asset diversification and po-
tentially violate the duty of prudence, recent research has demonstrated their significant
influence on financial performance [133|. Specifically, incorporating risk-return ESG criteria
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can help address the legal and regulatory risks associated with investing in environmentally
harmful industries, which financial markets often underestimate. Thus, higher risk-adjusted
returns can be achieved by taking advantage of arbitrage opportunities where asset prices
undervalue ESG factors. Although these arbitrage opportunities might deviate investors
from benchmark portfolios, recent research indicates that the diversification benefits of low-
carbon assets are substantial enough to not deteriorate the risk-adjusted return of investment
portfolios |26, 112, 189, 225].

Accordingly, risk-return ESG investing requires a conscientious analysis that can lead to
better risk-adjusted returns compared to traditional methods [15, 205]. While this may be a
strong argument for the applicability of ESG investing to pension funds, the lack of standard-
ized considerations may still raise questions regarding its alignment with the fiduciary duty.
Indeed, ESG methodologies often involve considerable subjective judgment, particularly in
defining criteria, identifying relevant factors, and determining their respective weights [133].
Additionally, the absence of standardized disclosure may lead analysts to employ different
methods for data treatment, resulting in diverse interpretations and increased subjectivity.
Due to this heightened subjectivity and the lack of standardization, different ESG ratings
frequently disagree [205, 62]|. Furthermore, institutional investors may struggle to accurately
reflect the ESG preferences of all stakeholders, which can create further principal-agent issues
in fund management [15].

In particular, carbon footprint disclosure is critical to setting portfolio carbon emissions
targets and demonstrating a commitment to achieving climate goals. However, the lack of
standardized carbon reporting poses a significant global challenge, primarily due to inconsis-
tencies and incompleteness, especially in emissions from supply chains [130], which account
for between 80% and 90% of worldwide emissions 7. Rempel et al. (2020) [198] highlighted
two main issues regarding the consistency of these reports. First, disclosures on greenhouse
gas emissions may vary across different pension funds, mainly due to differences in calcu-
lation methodologies and incomplete data treatment. Second, these calculations usually do
not account for the potential carbon emissions from partially owned fossil fuel reserves. As
a result, transparency and standardized disclosures remain as crucial aspects for fostering
effective ESG investing.

2.6.2.3 Liquidity and solvency regulations

Investing in clean technologies and renewable energy projects is increasingly popular within
ESG practices. These initiatives can provide significant financial advantages due to their low
correlation with other financial assets and their capacity to alleviate inflation pressures [126].
Nonetheless, the long-term nature of these projects can be restrictive under the liquidity and
solvency regulations of pension funds. In this regard, Polzin et al. (2020) [190] suggest that
investment strategies in innovation projects could be effectively addressed through the so-
called “innovation-finance-policy-chain”. This approach recognizes that innovation projects
involve different stages of risk and return, which may align with the risk and return profiles
of different types of investors. Three distinct global stages in the innovation process can be
identified: research and development (R&D), commercialization, and diffusion. Depending

"For example, in the United States, it is estimated that by 2013, only 22% of the total emissions from
the supply chain were reported to the Carbon Disclosure Project [24].
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on the stage of maturity, different financing means can be used. Typically, venture capi-
tal (VC) financing supports projects crossing the two first stages, often referred to as the
“valley of death.” For institutional investors, the most effective financing strategy gener-
ally involves supporting the diffusion of mature technologies and clean energy. This can be
achieved through financial instruments such as public and private equity, project financing,
and corporate bonds [190].

Alternatively, existing literature suggests the need to adjust the prudential regulatory frame-
work for institutional investors to align it with long-term investment objectives [61, 190)].
Furthermore, the adoption of flexible regulations is recommended to facilitate investments
in low-liquidity assets, such as private equity, which could further support global energy
transition goals [190]. This could involve adjusting asset allocations between public and
private markets to achieve a more effective balance between long and short-term financial
objectives. While public markets provide pension funds with corporate rights and highly
liquid assets to meet financial obligations in both the short and long term, private markets
offer green investment opportunities that may yield higher returns but tend to be less liquid
[60]. Therefore, having a comprehensive risk management plan is essential to accompany
ESG investments in private equity investments [136].

2.6.3 Effects of financial market instabilities on the sustainability,
adequacy, and equity of social security systems

The potential impacts of climate change on financial markets may result in important im-
plications for both funded and pay-as-you-go systems. In funded systems, the effects are
directly linked to the investment profitability of pension savings, while for pay-as-you-go
systems, the effects are related to broader economic implications, including impacts on eco-
nomic growth and labor markets. Since we have already discussed relevant economic and
labor effects in Sections 2.4 and 2.5, our analysis in Sections 2.6.1 and 2.6.2 focused explicitly
on the impacts on funded systems. From our review in these last two sections, we identified
undervaluation of climate risks and potential governance instabilities as significant challenges
posed by the financial impacts of climate change on social security systems. These aspects
not only determine a social security system’s ability to meet its long-term benefit commit-
ments but also affect how flexible social security programs can be in adjusting to potential
shocks while ensuring that benefits remain adequate and equitable.

- Undervaluation of climate risk

The undervaluation of climate risk in pension fund assets can stem from both physical and
transition risks. On the one hand, physical climate risks may result in unexpected losses
for assets that are sensitive to weather conditions (Fig. 2.1: damages to assets). This
occurs particularly when the market value of these assets does not accurately account for
their climate-related risks, resulting in lower risk premiums compared to other assets with a
similar risk profile [62] (Fig. 2.1: market undervaluation of climate risk). Transition risks,
on the other hand, can result from the significant policy uncertainty affecting investments
in carbon-intensive assets, as well as in greener alternatives (Fig. 2.1: policy uncertainty).
In general, financial losses may arise from the market undervaluation of transition risks,
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which, once priced in, can lead to sudden drops in asset values. As a result, assets in the
fossil fuel industry and related sectors may face an anticipated devaluation, along with an
increased risk of becoming stranded (Fig. 2.1: Asset devaluations). While concerns about
these potential losses may prompt pension fund members to request divestment as a way
of mitigation, this approach should be carefully considered. In fact, if transition policies
fail to ensure a smooth transition, and divestment movements are accompanied by excessive
financing of firms promoting the green transition, this could lead to underperformance and,
in extreme cases, create a financial bubble [42, 62, 211|.

The unexpected devaluation of fund assets can significantly impact the sustainability, ade-
quacy, and equity of pension systems. In pure DC schemes, which are inherently designed
to be actuarially fair, the impact of undervaluing climate risks may be minimal in terms
of overall sustainability and equity. However, the associated financial losses are primarily
linked to a reduction in the adequacy of the benefits provided. In non-purely DC plans,
on the other hand, financial losses can have more severe consequences, threatening financial
sustainability and increasing inequity [80]. For example, schemes that have a DB component
that operates on a funded basis by pooling assets across multiple generations, underfunding
caused by climate risks can not only put at risk the sustainability of the system, but also
create interest conflicts regarding who should bear the financial burden of these losses [12].
In this scenario, pension funds may share the burden between the current and future work-
force by either increasing contribution rates or reducing future benefits — including accrued
benefits. Alternatively, if allowed, pension funds could decrease the present value of future
benefits by raising the liability discount rate. While this strategy might help circumvent reg-
ulatory changes concerning contributions and benefits, it could also prompt funds to invest
more in riskier assets — such as public equities, high-yield bonds, and alternative investments
—in order to sustain the higher discount rate [12| (Fig 2.1: uneven distribution of risks and
returns).

- Governance instabilities

Pension fund governance comprises the procedures and mechanisms designed to minimise
conflicts of interest between members and fund managers, addressing primarily “principal-
agent” issues related to the accumulation and investment of pension savings [48, 51]. When
pension funds fail to adhere to good governance practices, they can face several issues,
including poor investment performance, damage to their reputation and trustworthiness,
and a decreased ability to adapt to economic shocks or meet long-term needs [48]. As a
result, governance regulations play a crucial role in ensuring not only the adequacy and
fairness of the benefits provided but also the long-term sustainability of the fund &

In the context of climate change, governance instabilities arise from the regulatory and op-
erational inability of the pension system to meet new social and financial needs. Notably,
most sources of governance deficiencies affecting pension funds [48] are exacerbated by cli-
mate change issues. Based on our review in Sections 2.6.1 and 2.6.2, we can identify several
key governance deficiencies in this context. These include conflicts of interest concerning

18The financial crisis of 2008 highlighted the importance of good governance practices in the pension
system. With pension funds assets dropping by $5 trillion, it triggered several governance reforms worldwide
[128].
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ethical and environmental considerations in investment decisions, a lack of adequate exper-
tise in climate risks and green investments, an inaccurate representation of stakeholders’
environmental and social preferences, and the politicization of climate issues . An addi-
tional governance deficiency arises from the short-term nature of pension fund portfolios.
This feature not only acts as a well-known barrier to achieving higher financial performance
and economic growth [187], but also hinders the active involvement of pension funds in clean
technology and renewable energy projects 2°.

In general, the adequacy of pension systems largely depends on their adherence to fiduciary
duties of prudence and loyalty. Pension funds typically adopt this approach to minimize
conflicts of interest and ensure that fund owners can trust their pension savings are being
managed appropriately. However, when considering climate change, fulfilling these fiduciary
duties can introduce certain limitations and spark debates regarding the use of ESG, SRI,
and CSR (Fig. 2.1: fiduciary duty; ESG, SRI, and CSR practices). These limitations
can pose challenges to the adequacy of the pension system, as they may restrict responses
to emerging market opportunities and needs related to climate change. Additionally, the
regulatory framework that governs the pension system can make it difficult to balance short-
term liquidity requirements with the aim of developing optimal long-term green investments
(Fig. 2.1: short-term liquidity constraints).

Ultimately, inaccurate interpretations of member preferences concerning financial and non-
financial benefits can create inequalities, often benefiting certain parties over others (Fig.
2.1: Inaccurate representation of members preferences).

2.7 Health outcomes

The impact of climate change on mortality and morbidity outcomes may vary depending
on diverse population factors, including physiological conditions, occupation, location, and
resources available for adaptation [242]. These factors not only determine the level of risk
people are exposed to but also affect their ability to cope with extreme temperatures and
severe weather conditions. As a result, the physical and transition risks of climate change
may involve different risk factors that influence mortality and morbidity outcomes. We will
explore each of these risks in the following sections.

2.7.1 Physical risk drivers impacting health outcomes

Climate-related events with significant impacts on population health can be broadly grouped
into three main categories: extreme heat, extreme weather events (e.g., floods and cyclones),

19While ESG investing is gaining support in some large economies, particularly in the EU, there are still
opposing views, especially in the United States. Here, partisan politics have led states to adopt either pro-
or anti-ESG positions [50, 107].

20Tn general, one of the main reasons for pension funds to hold short-term or liquid assets is the fragmented
nature of the pension fund market [48], which is leading to a significant trend of fund members switching
between pension fund managers [187]. This switching behaviour introduces redemption risks that fund man-
agers must consider in their investment decisions. To address these issues, regulations could be implemented
to limit switching requests. For example, regulators could reduce administrative flexibility in this area or
promote the consolidation of the pension system [48, 187]
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and droughts. This section addresses each of these categories separately.
- Eztreme heat:

Heat stress illnesses can occur when the body is under excessive demand to regulate its
core temperature. This can lead to health problems, especially for individuals with pre-
existing conditions. Prolonged high temperatures can cause increased and continued blood
flow to the skin, which may result in cardiovascular collapse for people with heart conditions.
Excessive and prolonged dehydration can lead to kidney fibrosis and chronic kidney illness.
Dehydration is also associated with reduced blood volume, which can worsen cardiovascular
functioning |72].

Several studies have demonstrated that extreme heat can significantly endanger the well-
being of older adults, making them more susceptible to illness and death. This vulnerability
can be attributed to several factors, including loneliness, multiple pre-existing health issues,
use of various medications, low physiological adaptability to extreme heat, and lack of cooling
in their housing [37]. Cardiovascular, respiratory, and mental diseases are the most com-
mon causes of death during extreme heat, with cardiovascular diseases having the highest
mortality rate during heat waves [37, 72, 191].

Extreme heat is also expected to lead to increased illnesses and deaths among workers. In
addition to the health issues already mentioned, prolonged exposure to high temperatures
can impair workers’ physical and cognitive abilities, making them more vulnerable to occu-
pational health problems. It is estimated that over one billion workers are exposed to high
outdoor temperatures, with about one-third becoming ill due to such exposure [72|. Heat
exposure injuries can have long-term consequences, increasing the risk of mortality two to
three times for decades. Even a single day of extreme heat exposure can cause long-term
health problems |72]. This is particularly concerning for social security systems, as outdoor
workers are often low or middle-income earners relying heavily on public healthcare systems.
Accordingly, extreme heat may increase healthcare expenses for social security systems by
affecting the two most reliant populations on its coverage: the elderly and low-income work-
ers.

- Droughts:

While extreme weather conditions such as heavy precipitation and extreme heat may have
immediate effects on people’s health, droughts is another climatological anomaly whose ef-
fects on health are more silent and persistent. These effects can be diverse. On one hand,
persistent high temperatures not only deplete natural water systems and reservoirs but also
contribute to the growth of freshwater pathogens [71]. Several studies have confirmed that
drought periods can enhance the growth of toxic cyanobacteria species [162], and the spread
of respiratory pathogens, such as those responsible for coccidioidomycosis and meningitis
[71]. On the other hand, delayed effects such as severe damage to the environment and
food production systems are some of the indirect impacts of droughts on people’s health.
Persistent damage to crops and livestock can lead to food scarcity, which can slowly force
people to intake low-nutritional substitutes.

The World Health Organization (WHO) has warned that malnutrition is expected to be
a major health consequence of climate change. Malnutrition can lead to various health
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problems, including heart disease, stunted growth, diabetes, and weakened immune defenses.
A meta-analysis conducted by Lieber et al. (2020) [142] found that droughts can result in
malnourishment among certain vulnerable groups, such as children aged one to two years and
adults over 70 years. Children in that age group may be more susceptible to malnourishment
due to the unmet need for solid foods in their first year. Elderly adults, on the other hand,
may be more vulnerable due to factors such as physiological limitations, limited financial
resources, loneliness, and reduced ability to move away from drought-exposed areas [142].
The prolonged impact of persistent droughts, particularly through its effect on malnutrition,
can result in substantial demographic shifts in fertility and health outcomes. This could lead
to heightened intergenerational inequity, with subsequent generations bearing the brunt of
the most severe consequences and encountering increased adaptation costs, such as higher
food prices and medical expenses.

- Extreme weather events:

Climate change can also have a significant impact on human health and mortality by in-
creasing the severity and frequency of extreme weather events such as floods, storms, and
wildfires. These effects include illness, the spread of criminality, food scarcity, and disrup-
tions to health services [71].

Over the last few decades, storms and floods have accounted for approximately 80% of
extreme weather events and caused roughly 45% of weather-related deaths worldwide |71].
Floods typically occur due to heavy rainfall or rising sea levels. According to Du et al.
(2010) [67], the health impacts of floods can vary over time. Immediate health consequences
can include drowning, injuries, hypothermia, and mosquito bites. In the medium term,
common health complications can include infections, poisoning, communicable illnesses, and
complications of non-communicable diseases (NCDs). Heavy rainfalls, followed by droughts
and high temperatures, can also promote the formation of disease vectors responsible for
transmitting diseases like malaria, dengue, and yellow fever [242]. Over the long term,
displacement, loss of property, and deterioration of living conditions can exacerbate poverty,
leading to health issues like malnutrition [67].

In the medium and long term, floods can also cause mental health disorders such as anxiety,
depression, and post-traumatic stress [242]. Several studies show that even years after a
flood, some people can experience post-traumatic stress disorder. Liu et al. (2006) [147]
found that 8.6% of individuals affected by floods in China experienced post-traumatic stress
two years after the event. These effects can be more severe in the elderly. Heo et al. (2008)
[106] estimated that 22.4% of people with an average age of 53 years experienced post-
traumatic stress 18 months after a flood. Additionally, 53.4% of these victims showed signs
of depression.

Storm surges and flooding from tropical cyclones are some of the most destructive and costly
extreme weather events for society. While the impact of climate change on tropical cyclones
is not fully understood, several studies suggest that climate change could contribute to two
significant environmental changes that may worsen their effects: rising sea levels and in-
creased atmospheric moisture [132]. In a recent study conducted by Parks et al. (2021)
[184], it was found that exposure to cyclones in the United States leads to a 17% increase
in hospitalization rates per decade for people over 65 years of age during the week following
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the cyclone. These hospitalizations are associated with various health issues, including res-
piratory diseases, injuries, infections, and parasites. The study also revealed that mortality
rates due to these health complications are moderate, with higher fatality rates among the
elderly, especially during the month of exposure to a tropical cyclone. The overall increase
in mortality rates due to injuries is up to 3.7% after a cyclone and 33% during a hurricane.
Infectious and parasitic diseases increase mortality up to 1.2% after a cyclone and 11.4% af-
ter a hurricane. Similarly, respiratory diseases increase mortality up to 1.3% after a cyclone
and 8.3% after a hurricane [183].

Floods, cyclones, and storms can also significantly impact public health services, leading to
the worsening of non-communicable diseases (NCDs). This is mainly due to resulting infras-
tructure damage, power outages, patient evacuations, and a shortage of medical facilities,
which can interrupt medical treatment for people with chronic conditions [186]. Numerous
studies indicate that people with pre-existing cardiovascular diseases and diabetes are the
most vulnerable to increased mortality rates following a disaster. This is partly because
of limited access to medication, disrupted treatment, lost prescriptions, and power outages.
Furthermore, people with pre-existing chronic respiratory diseases are more likely to experi-
ence acute exacerbations during a disaster [202|. For example, analyses on the health impacts
caused by hurricanes in 2017 in Puerto Rico report that heart illness and diabetes were the
primary causes of death. Additionally, these disasters also led to an increased number of
hospitalizations for asthma complications [105].

NCDs account for about 65% of all global deaths and contribute to 54% of disability-adjusted
life years [92|. This currently places significant strain on social security and public health
systems, potentially affecting their ability to provide adequate medical care following natural
disasters. The United Nations recognizes NCDs as a public health priority under Sustainable
Development Goal 3. Additionally, the United Nations Sendai Framework for Disaster Risk
Reduction 2015-2030 acknowledges that disasters can worsen the impact of NCDs on public
health and equity [92]. Gnanapragasam et al. (2016) [92] highlight that NCDs can be
exacerbated during disasters due to healthcare inequalities. Marginalized groups, such as
those who are socially and economically deprived, disabled, and elderly, are not only highly
prone to the adverse effects of disasters and pre-existing NCDs, but also to inadequate
healthcare services due to damaged health facilities and the priority given to immediate
health concerns resulting from disasters, such as acute injuries and infectious diseases.

2.7.2 Transition risk drivers impacting health outcomes

Although the transition risks of climate change have been extensively studied from an eco-
nomic and financial standpoint, they also have subsequent effects on people’s welfare and,
hence, their mortality and morbidity risk. Previous sections of this review have addressed
these effects, particularly focusing on how transition policies influence living costs and labor
markets. In summary, rising prices can make essential goods such as energy and food less
affordable, while labor market instability and potential income insecurity can lower living
standards and the ability to cope with the costs of climate change. These factors can in-
crease vulnerability to illness and death, particularly among low-income populations and the
elderly. With that being said, this section will now explore the combined effects of socioe-
conomic trends on health outcomes under climate change, emphasizing the potential role of
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social security in influencing future climate mitigation and adaptation policies.

In promoting equitable health outcomes during the low-carbon transition, the role of social
security in socioeconomic development could be crucial. Recent literature confirms that,
in addition to the age and sex structure of populations, other socioeconomic factors, such
as education and urbanization, also play an important role in explaining mortality and fer-
tility patterns [153, 209, 157, 110, 124, 127]. For example, investing in education, along
with technological advancements and economic progress, has been associated with declining
mortality and fertility rates in developing countries, thereby accelerating their demographic
transition [110]. Energy security is another factor related to health outcomes whose effects
vary depending on other socioeconomic conditions. For example, an empirical analysis con-
ducted by Banerjee et al. (2021) [19] in a sample of 50 developing countries shows that
higher energy security is associated with higher life expectancies, lower infant mortality, and
better education attainment. However, the impact of these effects may vary depending on
the poverty level of each country. The study suggests that improving energy access could
significantly increase life expectancy in countries with high poverty levels, while substantial
improvements in reducing infant mortality were observed in countries with low poverty levels.
In particular, this underscores the importance of other socioeconomic factors in improving
infant mortality rates, such as access to and affordability of quality healthcare services [19).
Importantly, the combined effects of socioeconomic factors on health outcomes highlight the
role of policymakers in shaping public health outcomes.

Social disparities may exacerbate as a result of unequal health vulnerabilities to climate
change, adding further pressure on social security coverage. Multiple studies suggest that
the impacts of climate change on people’s welfare depend on their socioeconomic conditions,
making the socioeconomically disadvantaged the most vulnerable |71, 158, 157]. For example,
as already mentioned, individuals with low or middle-income jobs are more susceptible to
heat stress because they often work outdoors or lack temperature regulation mechanisms
in their homes. Moreover, individuals with limited income and informal jobs usually lack
access to private healthcare programs [19, 154], making them more vulnerable. This issue
poses a challenge for social security, as low and middle-income populations heavily rely on
social security services. Increases in hospitalization services during heat extremes |70, 146,
177|, combined with the rise in healthcare costs, further compound the burden [148].
Accordingly, the impact of climate change on health extends beyond direct physical risks to
include feedback effects of socioeconomic factors [242]. Socioeconomic trends can influence
people’s ability to adapt to extreme heat and weather events, as well as society’s capacity to
mitigate the physical effects of climate change on public health. Therefore, climate policies
and development trends in education, consumption, technology, and healthcare play a crucial
role in influencing the transition risk effects on health.

2.7.3 Effects of health outcomes instabilities on the equity of social
security coverage
Achieving a sustainable balance between adequacy and equity in social security policies

is a complex task. The diversity of the population, particularly regarding socioeconomic
conditions (Fig 2.1: regional variations), can result in an unequal distribution of benefits and
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an increased need for income transfers both between and within generations. In particular,
given the strong relationship between socioeconomic factors and health outcomes, population
diversity can have varied effects on health systems. This situation may yield two contrasting
and particularly relevant implications in the context of climate change. On one hand, it
creates a growing need for social security to protect the health of vulnerable groups, such as
outdoor workers, people with disabilities, and the elderly. On the other hand, it raises the
question of who will bear the economic costs associated with the rising rates of diseases. In
this regard, three sources of inequity related to potential future demands on social security
healthcare can be identified: first, the differing healthcare burdens posed by the elderly
population; second, the occupational health costs incurred by workers in certain productive
sectors; and third, the increasing burden of NCDs.

It is important to note that most healthcare systems are typically funded through taxes and
social insurance contributions from workers and retirees [224, 44]. While many systems use a
pay-as-you-go approach to collect contributions from workers [66], the contributions made by
retirees can come from their pensions, which may be financed through either pay-as-you-go
or funded systems [44]. As a result, the solidarity between workers and retirees can con-
siderably influence the equity of these financing systems. However, concerns about impacts
on the sustainability of these systems appear to be minimal. In fact, the literature suggests
that climate-related health expenses can be relatively low compared to overall healthcare
costs. Moreover, the potential positive effects on reducing longevity trends may challenge
perceptions of the severity of rising health expenses regarding the overall sustainability of
social security. Further research may be needed to explore these factors. Currently, the most
significant impact highlighted in the literature pertains to the concentrated costs affecting
specific population segments, which could undermine the equity of the social security system.

- Healthcare burden posed by elderly populations:

The rise in health expenditures related to the elderly population is a significant concern for
countries facing population aging (Fig 2.1: higher impacts on elderly). Multiple empirical
analyses have extensively explored the positive relationship between health expenditure and
an aging population. In general, this relationship is primarily driven by the greater medical
needs of elderly individuals, which are expected to increase further due to the effects of
climate change. For example, an empirical analysis conducted by Azam and Awan (2022)
[16] examined the G7 countries and found a positive and significant relationship between
population aging and increased health expenditures. This analysis used multiple regression
to account for other factors that also impact health spending, such as inflation and climate
change. In another study, Yang et al. (2022) |236] finds a long-term bidirectional relation-
ship between healthcare expenditures and factors such as population aging, carbon emissions,
and renewable energy budgets. Specifically, an increasing elderly population leads to higher
health expenditures, which are also linked to increased life expectancy. Additionally, health
expenditures and carbon emissions are interconnected due to the rising demand for health
services driven by air pollution and climate change, alongside the significant carbon emissions
produced by hospitals and the pharmaceutical sector. Finally, elevated health expenditures
for addressing climate change and air pollution can reduce the budget available for renew-
able energy initiatives, thereby worsening both carbon emissions and health outcomes. As
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discussed below, this relationship between health expenditure and carbon emissions can also
be triggered by the occupational sector.

- Healthcare burden posed by occupational sectors:

The occupational health costs associated with climate change primarily arise from increased
healthcare expenses and reduced labor productivity. While a substantial amount of litera-
ture addresses the economic effects of decreased labor productivity, there are relatively few
studies that provide significant data on the occupational healthcare costs linked to climate
change [28|. From these studies, three occupational sectors are associated with higher heat-
related health costs: workers in medium-sized enterprises, outdoor workers, and individuals
with lower educational attainment (Fig 2.1: higher impacts on outdoor workers). For exam-
ple, a study by Xiang et al. (2018) [234], which analyzed workers’ compensation claims data
from South Australia between 2000 and 2014, identified a J-shaped relationship between
daily maximum temperatures and occupational heat-induced healthcare costs. Specifically,
temperatures exceeding 32.9°C showed a significant correlation with occupational medical
expenses, resulting in a 41.6% increase in heat-related healthcare costs for every 1°C rise
above this threshold. During the study period, heat-related injuries accounted for 0.04%
of total medical expenditures related to all work-related injuries. These costs were partic-
ularly higher in medium-sized enterprises, as well as outdoor industries, such as mining,
and transportation, which contributed an estimated 0.07%, 0.7%, and 0.05% of total work-
related claims costs in their respective categories. In another study, Ma et al. (2019) [150]
examined worker injury claims data from Guangzhou, a subtropical monsoon city in China.
This research found that when Wet Bulb Globe Temperature (WBGT) values exceed 25°C,
there is a corresponding 4.8% increase in work-related injury insurance claims. The highest
increases in claims were observed among workers in small and medium-sized enterprises as
well as those with intermediate educational levels, with estimated increases of 5.5%, 5.2%,
and 6.2%, respectively.

- Increased burden of NCD:

NCDs have become the leading cause of death and disability worldwide. The most com-
mon NCDs include cardiovascular disease, cancer, diabetes, chronic obstructive pulmonary
disease, and chronic kidney disease |85, 164|. The risk factors contributing to NCDs are var-
ied; however, in the context of climate change, two primary pathways that can exacerbate
or lead to the development of NCDs can be identified [84]. The first pathway is linked to
climate-related disasters, which can damage households, public infrastructure, and health
facilities. These effects can weaken welfare systems and health prevention mechanisms, such
as the supply of medications. The second pathway involves the physiological effects of ex-
treme heat, which can increase the risk of cardiovascular, respiratory, and kidney diseases
(Fig 2.1: worsening and increase in cases of NCDs), primarily affecting disabled populations
with pre-existing NCDs (Fig 2.1: higher impacts on disabled ).

The literature on the health costs associated with the impact of climate change on the de-
velopment of NCDs is limited and necessitates further research. In particular, such analyses
could be crucial for social security planning, as they could offer valuable insights that can
help ensure a fair and adequate distribution of medical expenses across generations. In this
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context, some papers have offered relevant estimates, especially concerning the increase in
hospitalizations and healthcare visits. For example, a study by Fritz (2022) [84] based on
data from Indonesia’s national health insurance identifies a statistically significant linear
relationship between high temperatures and increased primary health care visits for both
all-cause and NCD-related issues. Specifically, when temperatures exceed 30°C, increases of
8%, 25%, and 14% were observed in visits related to all causes, diabetes, and cardiovascular
diseases, respectively. Similarly, multiple studies have found significant correlations between
extreme temperature rises and hospitalizations among diabetes patients, with increases rang-
ing from 6% to 30%, primarily affecting the elderly [6]. For example, a study by Miyamura
et al. (2022) [160], which analyzed daily hospitalizations in Japan from 2012 to 2019, found
non-linear positive correlations between hight ambient temperature and hospitalizations for
hyperglycemic emergencies and hypoglycemia. The relative risk of hospitalization after ex-
posure to extreme heat was found to be 1.64 for hyperglycemic emergencies and 1.65 for
hypoglycemia. Lastly, natural disasters can significantly exacerbate these figures. This
could be as a result of reduced accessibility to insulin, changes in diet, and less effective
glucose controls [179]. A notable example of this occurred after Hurricane Sandy struck the
United States [139], resulting in an approximately 84% increase in emergency visits among
diabetic patients |6, 179].

2.8 Conclusions

The impact of climate change on social security systems stems from the interactions between
long-term shifts in temperature, weather patterns, and socioeconomic factors. Understand-
ing these interactions can be complex, as it involves insights from different research fields,
requiring a synthesis of multiple perspectives on the same issue. As a result, this litera-
ture review explores these intricate relationships by integrating perspectives from several
disciplines, including economics, finance, medicine, and demography. After synthesizing this
information, we have identified four main channels through which social security systems
become particularly vulnerable to climate-related risks. These channels include changes in
the cost of living, labor markets, financial markets, and health outcomes.

Our analysis suggests that social security is not merely a passive recipient of climate-related
effects; it can also play an active role in shaping societal responses and generating feedback
loops. Since the effects of climate change are highly uncertain and could impact multiple
generations over the coming decades, social security systems could serve as a key mecha-
nism for climate risk-sharing and social protection. For it to be effective, the sustainability,
adequacy, and equity of these systems must be safeguarded. Importantly, these principles
largely depend on the structure of the financing system and can be influenced not only by
the physical impacts but also by global mitigation efforts.

This literature review also highlights the significant impacts of climate risks on popula-
tion segments that rely heavily on social security, including the elderly, individuals with
disabilities, and low-income households. While the main factors contributing to increased
vulnerabilities are the physical effects of climate change, mitigation policies can also have
negative consequences, especially in the form of regressive effects. Some of these impacts
include rising prices for essential goods, an increase in informal and low-wage jobs, and
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deteriorating health conditions.

Social security interventions may involve adjusting contributions and benefits based on
socioeconomic trajectories. Potential adjustments to benefits could include enhancing re-
tirees’ purchasing power and improving health coverage for populations affected by acute
and chronic climate-related health issues. Protective measures for workers might entail im-
proving unemployment insurance coverage, encouraging hiring by reducing labor taxes for
employers, and instituting retraining programs. If the system includes a funded compo-
nent, interventions can be more comprehensive. This could involve strategies for carbon
divestment, increased investments in green initiatives, and shareholder engagement with
carbon-intensive companies.

It is important to emphasize that while this review offers a general overview of the channels
through which climate risks can impact the functioning of social security systems, more
targeted analyses of these channels tailored to the specific conditions of each country or
region are necessary. Additionally, further research is needed to expand the qualitative
analysis presented in this paper into a quantitative framework. Established techniques in
climate research, such as integrated assessment modeling and scenario analyses can serve
as a strong foundation. Ultimately, understanding the interactions between risk channels,
social security principles, and financing mechanisms will be essential to putting together all
the pieces of the puzzle of the impacts of climate change on social security systems.



Chapter 3

An Extended DICE Model Approach
Including Social Security: DICE-SS

This research introduces an Integrated Assessment Model (IAM) designed to evaluate
the potential impacts of climate change on social security systems. To achieve this,
we extend the Dynamic Integrated Climate-Economy (DICE) model to incorporate in-
tergenerational consumption and saving dynamics, allowing for a more comprehensive
representation of a social security system. Using the existing socio-economic narra-
tives outlined by the Shared Socioeconomic Pathways (SSPs), we calculate optimal
consumption and saving allocations for both active and retired populations, alongside
the associated Social Cost of Carbon. We use these reference paths to evaluate the
adequacy and equity of global contribution rates and their effectiveness in ensuring the
sustainability of social security systems under different SSP scenarios. Our findings in-
dicate that, even within a deterministic framework, the Samuelson-Aaron decision rule
is not suitable for selecting the best pension system. This is mainly because it fails to
address the potential resource depletion caused by factors such as climate change and
population aging.

3.1 Introduction

Climate change is increasingly drawing the attention of research communities due to its long-
term effects on natural and social systems worldwide. The channels through which climate
change can affect societies are diverse. While physical effects can be translated into economic
and life losses, the trends of societies to adapt and mitigate such physical effects can also have
broader socioeconomic implications. Economic and financial instabilities, increasing poverty
and inequality, and the collapse of health systems have been the most relevant effects studied
in academic literature [83|. Furthermore, it is widely acknowledged that vulnerable popu-
lations primarily consist of elderly individuals and low-income households. These findings
may suggest that future pathways influenced by climate change, besides impacting popu-
lations with heavy reliance on social security, can also impact the system in regards to its
sustainability, adequacy, and fairness. As a result, conducting a comprehensive analysis of
future socioeconomic pathways to anticipate potential deficiencies in social security coverage
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and financing mechanisms may be crucial. However, despite its notable relevance, there is a
noticeable lack of research on how climate change can affect social security systems.
Integrated Assessment Models (IAMs) are widely used approaches in climate change analysis
due to their unique ability to represent multiple natural and social systems in a unified
framework. These models have been primarily used for depicting hypothetical socioeconomic
pathways [175, 176, 200], evaluating mitigation policies, and estimating the uncertainties of
different plausible scenarios of climate change [170]. One of the pioneering IAMs in the
analysis of the economic impacts of climate change is the Dynamic Integrated Climate-
Economy (DICE) model. First introduced by Nordhaus [173, 169], this model is based on a
neoclassical economic growth theory, which determines optimal future consumption through
investments in capital, education, and technology. Additionally, this model incorporates the
“natural capital” of the climate system as a capital stock, thus incentivizing carbon emission
reductions while optimizing future consumption.

Despite representing social and natural systems with relative rigor, the DICE model and
other TAMs neglect to consider the intricate dynamics of consumption and savings across
multiple coexisting generations, a crucial aspect to consider if one aims to analyse the impact
of climate changes on social security systems. This shortcut may be due to the primary
methodological requirement of TAMs, which calls for simplicity and transparency in their
representations [114]. Indeed, many equations and variables can be involved when analyzing
social security contributions, retirement savings, and pensions across different generations
and over a long period. This can represent an excessive use of computational resources and
hinder the results’ interpretability. In light of this, in the pursuit of simplicity and accuracy,
we have found that traditional actuarial calculations and principles can significantly simplify
the complexity of representing a social security system within the DICE model. As a result,
we extended this model to include intergenerational consumption and saving allocations, as
well as a consistent model representation of a social security system for retirement benefits
L. This is done in a comprehensive and all-encompassing way. In particular, we adapt the
economic and geophysical dynamics described in the DICE-2016R model [172]. Although
we are aware of a recent version, the DICE-2023, for this first approach of including a social
security system, we chose to adapt the previous version in order to have a broader set of
literature of reference that has worked based on the DICE-2016R model.

In addition to the DICE representation of economic and geophysical systems, our model also
integrates mortality projections. This step is particularly crucial because climate change and
socioeconomic factors could significantly influence future mortality patterns. Empirical stud-
ies by Hughes (2019) [110] and Mathers and Loncar (2006) [157] support this notion. These
studies indicate that changes in mortality rates can be influenced by three main factors:
GDP per capita, education level, and technological progress [110, 157]. For instance, using
data from the Global Burden of Disease (GBD) 2015, Hughes (2019)[110] reported that com-
municable diseases account for 54% of deaths in low-income countries, while in high-income
countries, they represent only 5.1% of the total deaths. Conversely, non-communicable dis-
eases are the primary cause of death in high-income and upper-middle-income countries,

1Social security systems can provide not only retirement benefits but also various assistance programs,
including unemployment and healthcare insurance. While these components of social security are also affected
by climate-related risks [83], this paper focuses specifically on retirement income benefits.
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accounting for over 80% of all deaths. This relationship between causes of death and eco-
nomic development could be especially relevant for social security planning. The intercon-
nected evolution of mortality and socioeconomic conditions can aid in anticipating coverage
measures when facing adverse scenarios.

Considering the significant impact of climate change on future socio-economic dynamics,
scenario analyses are essential to explore potential paths for economic growth, technological
advancement, and demographic shifts. In our analysis, we use the existing framework on
alternative socio-economic development narratives described by the Shared Socioeconomic
Pathways (SSPs) [175, 176, 200]. These scenarios consist of five parsimonious narratives
that describe the main factors driving future socio-economic developments under climate
change. These narratives address various challenges that future societies may face in terms
of both mitigation and adaptation. In addition to their qualitative descriptions, the SSPs
also offer consistent quantitative projections for important socioeconomic variables such as
GDP, population growth, urbanization, and education trends [135]. The design of these nar-
ratives aims to encompass a wide variety of potential future scenarios across five categories,
facilitating their application by research communities.

To determine plausible predictions for mortality rates in each of the SSPs scenarios, we rely
on projections generated through the International Futures (IFs) IAM model [110]. These
projections primarily rely on the methodologies developed by Mathers and Loncar (2006)
[157], as well as the GBD report of 2015. Using the key socioeconomic drivers describing
the SSPs narratives and a health module relying on the GBD, the IFs model generates
projections of mortality rates by causes of death and regions [209]. We incorporate these
mortality projections into the DICE model by internalizing key SSP quantitative drivers,
including GDP, population, and carbon emissions. By considering mortality trends in our
approach, we are able to perform actuarial calculations on the expected present value of
contingent cash flow streams.

Our method for modeling consumption and savings dynamics of different generations not
only provides a new perspective on the economic cost of carbon emissions by including their
impacts on social security systems, but also serves as a practical tool for depicting plausible
global trajectories of carbon emissions and atmospheric temperatures. Additionally, it offers
an alternative framework for analyzing the intergenerational equity of climate change and
mitigation policies, contributing to ongoing policy discussions in this area.

The paper is organized as follows. Section 3.2 introduce the DICE model and its equations.
Section 3.3 provides an overview of the social security module that we propose for the DICE
model. Section 3.4 provides a scenario analysis using the SSPs. The paper ends with some
concluding remarks in Section 3.5.

3.2 DICE model

The DICE model is based on a standard neoclassical optimal growth model, where households
save money to invest in capital goods with the goal of optimizing future consumption. Unlike
the standard economic model, the DICE model integrates an additional capital stock referred
to as the “natural capital” of the climate system. This concept allows for the consideration of
society’s incentive to invest in emission reduction in order to prevent future economic losses
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caused by climate change, thereby increasing future consumption [170, 172|. In this section,
we outline the general formulation of the DICE2016R model [172]. While we will base most
of our parameter assumptions on this version of the DICE model (refer to Appendix A.2),
some parameters will be re-estimated or reformulated. We will revisit the definitions of
certain parameters in the section focused on numerical analysis.

3.2.1 Economic equations

In the DICE model, economic growth is the result of a Cobb-Douglas production function on
capital, labor, and energy. Denoting global net production as Yy (t), this can be represented

as
Y(t)

Yout) = (1— Q1)) - (1— A(t)) - (A(t) K1) L(tw) 7

In Equation 3.1, the value Y(¢) represents the standard Cobb-Douglas production function,
which we also refer to as gross production. In this function, A(t) represent total factor
productivity (TFP), which reflects technological productivity. The variable K(¢) denotes
total capital, encompassing not only monetary assets but also the entire stock of goods and
services available to the economy. L(t) refers to the labor force or population, which, unlike
the previous variables, is considered exogenous and is based on projections from the United
Nations. Finally, the value v is the elasticity of capital, with 0 <~y <1 2.

The net production in Equation 3.1 is the result of accounting for production losses cap-
tured by the additional functions Q(t) and A(¢). These functions represent climate damages
and mitigation costs, respectively. Below, we provide a generic definition of each function
considered in the production representation outlined in Equation 3.1. In each of these equa-
tion, time is measured in discrete intervals of size h, defined as t = to + h - (j — 1), where
7=1,23,...,T+ 1 and ty represents the starting observation year.

We start by outlining the trajectory of TFP used in Equation 3.1 as follows:

(3.1)

A(t)

A(t+h):1_—g(t>,

(3.2)
with
8a(t) = galto) - exp (—da - (t — o)) (3.3)

where 0 < g,(t) < 1 is the growth rate of the productivity, and 0 < d, is the decline
rate of productivity growth. Accordingly, although this model assumes that productivity is
increasing — due to technological progress, the rate of this growth does not accelerate.

The second component of the standard Cobb-Douglas production function, is given by K(t),
which can be defined globally by the formation dynamics,

K(t+h) = (1 —6x)" - K(t)+ h-1(t), (3.4)

2In equation 3.1, the elasticity of capital determines the change in production caused by an increase in
capital or labor. Therefore, a 1% increase in capital will lead to an approximate increase of v% in production.
Furthermore, if both capital and labor increase by a certain factor, production will also increase by the same
factor. This property of a production function is known as constant return to scale.
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where I(¢) is the gross capital investment and 0 < dx < 1 is the annual rate of capital
depreciation. The specific definition of I(¢) will be discussed further in the context of social
security in the next section.
In terms of net production, the damage function illustrates the reduction in production
caused by climate-related damages. This function approximates the economic damage over
time through a quadratic function of the change in global average atmospheric temperature.
Denoting the increase in atmospheric temperature as Temp,, (¢), the damage function is
defined as

Q(t) = 73 - Tempy,,,(t) + w1 - Temp,,,, (¢)™, (3.5)

where 75 is set to a value of 2, while the coefficients m; and 73 are real numbers determined
through regression methods using data from damage estimate surveys [172]. Notably, in
this equation, the variable Temp,, (¢) is the only climate variable used by the economic
component of the model. This temperature variable is calculated using the geophysical
equations outlined in Section 3.2.2.

The mitigation cost corresponds to the price associated with reducing carbon emissions by
a fraction that corresponds to the emission control rate, u(t). This cost is expressed as
a percentage of production and rises convexly as the emission control rate increases. For
the case of full substitution of fossil fuels (i.e u(t) = 1), the abatement cost is equivalent
to the price of the backstop technology at time t. This cost is denoted as 6;(t). The
backstop technology includes energy sources such as solar, wind, and nuclear power. In
the DICE2016R model, the fraction of cost 0;(t) is determined based on an upper limit on
the carbon price within a scenario of complete substitution for fossil fuels. The maximum
price projected by this model is $1,000 per ton of carbon. Additionally, due to anticipated
technological advancements in power production, the cost of backstop technology is expected
to decrease over time. Using these assumptions, the DICE2016R model calculates the cost
of backstop technology at time t as

U(to) - (1 —gw)™" o(t)
91( ) = ’ s
1,000 65

where 0, > 1 is a parameter, V() is the cost of backstop per ton of carbon replaced at a

given initial time ¢y, 0 < gy < 1 is the decline rate of the cost of backstop technology, and

o(t) > 0 is the level of carbon intensity. This latter value refers to the amount of carbon

emissions produced per unit of gross GDP. Finally, the representation of the mitigation cost
is given by the log-linear cost function

A(t) = 6u(t) - ()™, (3.7)

The exogenous dynamics of the carbon intensity, o(t), can be described according to the
time trajectory

(3.6)

o(t+h)=o(t) - (1+g,(t+h)) (3.8)

with
g, (t+h) =g, () (1+d,)" (3.9)
where —1 < d, < 0 is the rate of decarbonization, and therefore g (¢) is the cumulative

improvement in energy efficiency. This refers to the rate at which carbon emissions are
reduced to produce one unit of production.
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3.2.2 Geophysical equations

In a second layer of the model, carbon emissions resulting from economic growth are linked
to climate change dynamics through a set of geophysical equations. These equations cover
the carbon cycle, radiative forcing, and global temperature transitions. Calculating these
factors is essential for estimating climate damages and mitigation costs as outlined above.
Total CO4 emissions are calculated as uncontrolled industrial emissions, Einq(t), reduced by
the control abatement rate, u(t), plus emissions from land use, Ej,q(¢). Formally, the time
path of total CO, emissions is given by

Bing(t)
E(t) = (1 — pu(t) - o(t) - At) - K(#) - L)' +Epana(t) (3.10)

with
Eland(t) - Eland(to) : (1 - dland)t (311)

where 0 < dj,,q < 1 is the rate of decline of CO4 emissions from land.

The carbon cycle is calibrated according to the transitions of the mass of carbon deposited in
the atmosphere, (May,), the upper oceans, the biosphere, (M), and lower oceans, (Mjgy)-
The carbon cycle transition matrix can be represented as

O1,1 P21 0
DOy = (D12 P22 P39 (3.12)
0 @23 1— 032

where the coefficients 0 < ¢; ; < 1 represents the rate of carbon diffusion from 7 to j over
a time step of length h, with i,j taking the values 0 (the industry), 1 (the atmosphere), 2
(upper ocean) and 3 (lower ocean). Denoting Mgiop (£)™ = [Mawm(t) Myp(t) Migw(t)], the
carbon transition can be projected as

$o,1 - E(1)
MgIOb(t + h) = q)M : Mglob(t) + 0 (313)
0

To describe the relationship between greenhouse gases (GHGs) and global warming, radiative
forcing is estimated in terms of GHG accumulation as

Magm (t)

Rf(t) = n - log, <—Matm(t0)

) + Rfex (); (3.14)
with

Rfex(to) + % - (Rfex(to + h - T) — Rfx(to)) t<to+h-T

, (3.15)
Rfx(to+h-T) otherwise

Rfex(t + h) = {
where term Rf.,(t) represents the radiative forcing caused by non-CO, greenhouse gases,
and 1 > 0 is a radiative forcing parameter. Hence, the first term on the right-hand side of
equation 3.14 refers to the forcings due to the atmospheric concentrations of CO,, while the
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second term represents the exogenous forcing for other greenhouse gases. This latter term
is calculated in Equation 3.15 as the linear interpolation between the values of non-CO,
greenhouse gas radiative forcings at the initial reference time and the value at the end of the
projected period. Estimates from the DICE2016R indicate a radiative forcing of 0.5 watts
per square meter (Wm™?) for the initial period of 2015 and 1.0 Wm ™2 for the final period of
2100.

Finally, denoting Temp(¢)™ = [Temp,,,(t) Temp,,(t)], where Temp,(t) represents the
average ocean temperature increase above the pre-industrial level at time ¢, the temperature
dynamics resulting from radiative forcing evolve in accordance with the equation

Temp(t + ) = Doy - Temp(t) + [51 | g{f“)] , (3.16)

where @y, is a diffusion matrix of the form
(I)T — 1 - QOQ,I - 52 902,1 ) (317)
e P1,2 11— 1,2

In the equations 3.16 and 3.17, £&; > 0 represents the heating generated by radiative forcing,
while 0 < & < 1 denotes the rate of cooling due to infrared radiation to space. This latter
term can be calculated as &; - 5%, where &3 > 0 stands for the equilibrium climate sensitivity
(ECS). The coeflicients 0 < ¢12 < 1 and 0 < @9 < 1 refer to the rate of heat diffusion from
the atmosphere to the ocean and vice versa, respectively. Note that Equation 3.16 can also
be written as Taym(t + 1) = Tagm(t) — (Tatm(t) — Toce(t)) - w21 — & - Tarm(t) + &1 - RE(t), and
Toce(t + 1) = Toce(t) + (Tatm(t) — Toce(t)) - ¢1,2. Therefore, the diffusion coefficients, ¢; ;,
can be interpreted as the rates at which temperatures at strata ¢ and j equilibrate. Since
Tatm(t) > Toce(t), the atmosphere cools while the ocean warms.

3.3 DICE with a social security module: DICE-SS

3.3.1 General assumptions

In this analysis, in which economic growth is approached through the lens of the Cobb-
Douglas production function, the effects of climate change on social security systems are
examined with a focus on consumption and capital accumulation. While this analysis does
not address other significant topics in the social security literature, such as the impact of
unemployment and the role of social security in influencing personal savings, these aspects
can be integrated into future evaluations using the framework presented in this paper. For
the time being, the initial assumptions established for our approach of social security in the
context of climate change are as follows:

- All workers earn the global average wage income: These assumptions make abstraction of
the implications of a heterogeneous wage distribution across categories such as age, education,
and social status. Understanding these sources of wage heterogeneity may require specific
studies for thorough examination.
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- There is no unemployment: This assumption is based on the general principles of the DICE
model, which operates under a general equilibrium where labor demand equals labor supply
in each period.

- Workers save for retirement only through the social security system: Assuming that pri-
vate savings can be approximated as funded retirement systems |25|, we consider this type
of savings to be part of the social security system. In contrast, personal savings involve
several combined factors that may require special attention. These factors include the direct
reduction of personal savings due to mandatory contributions to social security and the in-
crease in savings motivated by longer retirement periods [79]. For the sake of simplification,
we will set aside these effects and assume that individuals can collectively save for optimal
retirement benefits through the social security system.

- Social security includes only retirement pension benefits: While climate change can signifi-
cantly affect other social security components, such as unemployment and illness insurances,
we concentrate on retirement benefits and leave broader definitions of social security for
future research.

3.3.2 Model description

In this model, the working population saves for retirement through either a funded system,
a pay-as-you-go system, or a combination of both. The contribution tax in each system is
denoted as 0 < 7y < 1 and 0 < 7, < 1, respectively. We assume that contributing to the
pension system is compulsory for both financial systems, thus enabling the portrayal of a
mixed social security system in which the funded part can be administered by the private
sector.

Pension benefits for all living generations can be defined through either a defined benefits
(DB) scheme or a defined contributions (DC) scheme. In a DB scheme, benefits are calculated
as a fraction, 0 < 7, < 1, of the last wage income earned before retirement. In a DC scheme,
benefits are determined actuarially fair with respect to the total contribution accumulation
at a given interest rate. In both schemes, contribution taxes are established through mutual
agreement among generations in order to optimize social welfare. In this decision-making
framework, contribution rates aim to optimize consumption for the purpose of achieving
long-term adequacy.

As in the DICE model, individuals’ consumption preferences can be described using a utility

function of the form ( )1 1
c(t) = —
u(c(t)) = <ﬁ) , (3.18)

where ¢(t) represents the total per capita consumption at time ¢ and « can be interpreted
as generational inequality aversion * [172|. Unlike the DICE formulation, we differentiate
between consumption preferences of workers (w) and retirees (ret). In what follows, we

3In the utility function presented in Equations 3.18 and 3.19, a represents the elasticity of marginal utility
with respect to consumption. This parameter helps determine to what extent society prefers not to consume
more at the expense of future generations, as well as to what extent it is much more opposed to consuming
less than them.
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denote the active period as the ages from x( to z,e_1, and the retirement period as the ages
from . to the maximum survival age x,. Also, we denote a generation of age = at time ¢
as x(t).

The social welfare function can be written as

{5

U

t) + Cret (t)
t) + Lt (1)

) (L (8) + Lres (1)) } e, (3.19)

w

where ¢t = to+ h - (j — 1), ¢ is the pure social welfare discount rate %, I,,(t) is the total
working population at time t, [, (¢) is the total retired population at time ¢, C/(t) is the
total consumption of the working population at time ¢, and C,e(t) is the total consumption
of the retired population at time ¢. In this representation of social welfare, we do not
take childhood consumption into account separately; instead, it is included in the overall
consumption of workers and retirees, regardless of the number of children ®. Therefore, the
economic social welfare is defined as the discounted sum of per capita consumption utilities
weighted by population size (workers and retirees).

To assess the effects of climate change on social security systems, we start by assuming that
economic production is governed by Equation 3.1. In our model representation, the working
population provides its labor and pays contribution taxes based on their wages. Meanwhile,
the retired population contribute their productive capital to which they have acquired rights
during their working years. This capital is not directly consumable, and instead it is an input
for production that enables the economy to expand and produce goods and services that can
be consumed by their owners. Additionally, this capital can be used to create more capital
for future production. In this order of ideas, productive capital can come not only from the
funded part of the social security system but also from other forms of capital investments.
Regarding labor compensation, we consider the total annual wage income of all workers at
time ¢, denoted as W(t), to be given by

Wit) = af,jL—(lff) L) = (1— ) You ). (3.20)

The return on capital, on the other hand, is given by

OY nes (1)
———— - K(t) = Yyet(t) — W(2). 3.21
8K(t) ( ) et( ) ( ) ( )
In order to distinguish between the portion of the capital that is being accumulated to
support the retirement commitments for workers and that for retirees, we denote X (¢) as the
accrued rights of workers to capital. This value can be calculated as the total contributions

accumulated by the working generations at time ¢:

4The social welfare discount rate represents the minimum rate of return that policymakers should aim for
when evaluating a social project. This rate reflects society’s willingness to sacrifice current consumption in
exchange for future benefits. It is usually determined based on historical data and expert economic analysis.

®We recognize that distinguishing the consumption patterns of workers and retirees based on the average
number of children could help determine optimal consumption according to fertility patterns. However, we
have set this aside for future research.
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Tret—1 T— mo t . Z
Pt =(p+1)- Y > 2 (=) (3.22)

rx=x9 2z=0
where (. represents the minimum regulatory discount rate used to calculate the accumulated
value of contributions. We assume that this minimum regulatory rate remains constant,
regardless of whether contributions are allocated to the pay-as-you-go system or the funded
system. In this way, the optimal decision regarding the mixture of these financing systems
will be determined by considering the combination that best supports this discount rate.
The value X (¢) is specifically used to identify which portion of the return on capital, Y e () —
W(t), is attributed to workers and retirees. To achieve this, we utilize the fraction ﬁ(“((tg) to
determine the portion of the return on capital that corresponds to the accrued rights of
workers, while the fraction 1 — ‘ié(v(tt)) indicates the portion of the return on capital that
corresponds to the accrued rights of retirees.
Using the fraction ﬁ(”((t?, the savings collected by the social security system at time ¢ are
determined by the return on capital of workers and their contributions to the funded system

at that time. Denoting these savings as S(t), they can be calculated as

k(t
5(0) = (Yaalt) - W(0) - (200 ) 477 W0 (329
The consumption of retirees is determined by their capital returns and the contributions of
workers to the pay-as-you-go system. This can be calculated as

Y (t
Cuslt) = (V) = o)) - (1= 328 ) 4. w00 (324)
Since we assumed there are no personal savings, the consumption of workers is determined
by their income from wages after contributing to both the funded and pay-as-you-go systems.
This can be written as

Cult) = (1 — 77 —1,) - W(2). (3.25)

The equilibrium between production, savings, and consumption is set by the following re-
source constraints:

Yoet (f) = Cy(t) + Cret(t) + S(2), (3.26)
Finally, from Equation 3.4, the capital stock is accumulated according to the equation
1(t—h)=S(t—h)
K(t) = (1 8)" Kt = h) + b Yoert = h) = Cut = h) = Cre(t — ),

(3.27)

where Jx represents the depreciation rate of the capital stock, and h denotes the time-step
of calculation.

Up to this point, most equations have expressed values in time steps of size h years. While
this setup is convenient for computational purposes when h encompasses multiple years, it
is often more practical to use annual values for certain actuarial calculations. Therefore, in
the upcoming calculations, we will approximate some of the input and output variables to
their annual representations. Additionally, although we have categorized the population into
workers and retirees, most actuarial values will be typically calculated based on years of age.
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3.3.3 Climate risk channels inside a DICE-SS

In an economy affected by climate change, such as the one described by the DICE model,
implementing a social security system can help pinpoint the main channels through which
climate risk impacts social security systems worldwide. These channels were first identified
in a comprehensive review conducted by Fonseca and Arnold (2025a) [83]. They include the
risks associated with changes in living costs, labor markets, health outcomes, and financial
markets.

Social
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Figure 3.1: DICE model with a social security system : DICE-SS. Note: The gray bozes represent the
different subsets of equations within the DICE model. The remaining boxes correspond to the subsets of
equations in the social security model proposed in this paper. The representation of the social security module
also highlights the channels through which climate risk impacts social security systems [83].

Figure 3.1 summarizes our representation of a DICE model that includes a social security
system. Firstly, the lower-middle section of this figure depicts the characterization and
interaction of the equations that form the DICE model [235]. In essence, the DICE model
establishes the foundations for understanding the interactions between economic production,
carbon cycles, temperature, climate damages, and mitigation costs. This interplay ultimately
determines a net production value, which includes the costs of climate damage and mitigation
efforts. This net production value is then used as input for the social security module.

The social security module is depicted in the upper-middle section of Figure 3.1. The dy-
namics of this module can be summarized as follows: Once net production is calculated, it is
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divided into two parts: compensation for labor, which refers to wage income, and compensa-
tion for capital, which pertains to returns on investments (returns on capital). While most
of the wage income is consumed, a portion is allocated to the social security system. Part of
this transfer to the social security system is used to support pension amounts through a pay-
as-you-go system, while the remainder, along with the investment returns, contributes to the
wealth accumulated by the system. This accumulated wealth is then allocated to the funded
portion of retirees’ pensions based on their accrued rights to capital gains. Ultimately, the
total pensions are disbursed to retirees, who use these funds for consumption.

Accordingly, the net production serving as a link between the upper and lower sections
of Figure 3.1, also enables the transfer of climate-related damages and mitigation costs
to the social security system. These risk factors enter the system via labor and financial
markets, affecting wages and investment returns. In particular, these impacts can strain
the purchasing power of both workers and retirees, ultimately leading to a decrease in their
consumption. A decline in living standards combined with the direct impacts of climate
change on health, can affect both mortality rates and life expectancy, thereby influencing
the long-term balance between contributions and benefits in the system. In this model,
we utilize mortality projections obtained from the International Futures (IFs) model. The
[Fs model has been constructed based on findings by Mathers and Loncar (2006) [157],
which suggest that mortality rates have historically been linked to specific socioeconomic
factors. These factors include GDP per capita, average years of schooling among adults, and
technological progress. Further details on the interaction between the social security module
and the IFs model are provided in our numerical analysis.

In summary, due to the broad and representative nature of the mentioned risk channels,
they can be identified within the DICE-SS framework and associated with various economic
scenarios. In our numerical analysis, we identified several important considerations regard-
ing social security, particularly within the socioeconomic conditions outlined in the SSP
scenarios.

Finally, in Figure 3.1, we illustrate a key interaction among the accrued rights on capital, the
accrued social security benefits rights, and the social planner of the system. This interaction
aims to represent the dynamics between the consumption of returns on capital, as outlined
by Equation 3.24, and the social planner’s role in ensuring that the system can consistently
meet the accrued benefit rights of all members. As a result, we define the sustainability of
the social security as its ability to accumulate sufficient reserves to cover future benefits [96].
To analyze this, we will adopt a prospective approach in calculating the aggregate reserves
of current members [168] and compare these obligations against the overall wealth of the
system, represented by the total capital K. However, fulfilling these commitments depends
on how the promised benefits are defined. To analyze different configurations for benefits
and contributions, we will conduct separate actuarial calculations for future consumption and
savings based on the two most common pension plans: Defined Benefit (DB) and Defined
Contribution (DC) schemes.

3.3.4 Defined benefits pension scheme

Defined benefit schemes are the most common public pension schemes worldwide. Under
this scheme, benefits are predetermined through a formula that takes into account years
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worked, retirement age, and salary. For simplicity in the calculations, it is assumed that
all workers start working at the same age, and receive the same average wage income at
each time. Furthermore, the active period is only interrupted in case of death. Therefore,
the formula for annual benefits for a complete active period can be expressed as 7, - w(t),
where 7, ranges between zero and one, and w(t;) is final per-capita wage income earned by
a generation reaching retirement at time ;.

Under a DB scheme, the actuarial present value of total pension benefits of active and retired
individuals at time ¢ can be given by

Tret—1
H { Z l t + Tret — x) “Tret—| dﬂ?(t)+

T=x0

o (3.28)
Z (1) Wt — 2+ ) ] Ac(t—x—i-mret—i-j)-dz(t)}.

T=Tret j=0

In this equation, [,(¢) is the population size for a given generation x(t). The factor d,(t)
represent the mathematical expectation of the present value of future payments of one mon-
etary unit at the beginning of each age from z until the age of death. Similarly, , ., d.(t)
represents the expected value of a payment series of one monetary unit, but starting from
age Trer. Therefore, denoting as Kq4(z,t) the discrete random variable representing the num-
ber of complete years lived until death by x(¢), and using a discount rate of (,, d,(t) and
sret—z| Gz (t) can be computed as

T—

ip(t) = Y e FP(Ky(x,t) > k) , for & = Ty, ..., T (3.29)
k=0
and
— Z e~ @) PR (1) > 2y — @ + k) , for & = 20, ..., Trer;  (3.30)
k=0

where the survival probabilities P(-) are obtained from periodic life tables projected each
h years. Further details on the mortality projections and the calculation of the actuarial
discount factors are presented in section 3.4.

Finally, the factors A.(:) in equation 3.28 is used to compute the real value of pension
benefits depending on the optimal consumption dynamics given by Cyei(-) ¢. This value can
be computed as

Cret (1)

A (t) = — ,
®) Th " D gy Lo () - W(E = &+ Tret) - [0 Aclt — 2 + Tpey — 14 5)

(3.31)

where H?:1 A.(t —1+j) = 1. Therefore, A.(t) can be seen as an adjustment in purchasing
power or a pension indexation.

6This value depends on the macroeconomic dynamics of optimal consumption. For example, declining
consumption is linked to higher prices, which reduces the purchasing power of retirement benefits.
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On the other hand, the contributions paid by the worker generations xo(t), ..., Tret—1(t), may
vary over time depending on the evolution of future wage incomes. Therefore, the actuarial
present value of total future contributions of current workers is given by

Tret—1 Tret—1—7

Op(t) = (1,4 77) - > L) > wt+k) e * P(Kq(x,t) > k). (3.32)

T=x0 k=0

To effectively address climate change, the social security system must prioritize stability
across its sustainability, adequacy, and equity dimensions [83]. In our framework for social
security, we establish our equity conditions by assuming that current and future generations
agree on a fixed contribution rate, 7, + 7, on their wage incomes. This rate is applicable to
either a DB or a DC scheme. Furthermore, since this contribution rate will be determined by
maximizing social welfare (see section 3.3.7), total consumption and savings are distributed
in the most efficient manner, thereby ensuring the adequacy of both benefits and contribu-
tions. Finally, to maintain the system’s sustainability for all generations up to the maximum
projected period T', we calculate the reserves required by the social security pension system
at each time t as

V(t) = I (t) — p(t). (3.33)

The system remains sustainable as long as it has at least the minimum resources to meet its
obligations. Thus, we establish the condition V() < K().

3.3.5 Defined contributions pension scheme

Defined contribution schemes are becoming more common in both private and public pension
systems around the world. Unlike DB schemes, which provide a predetermined benefit, DC
schemes do not have a fixed benefit formula. Instead, the total pension benefits depend on the
contributions made. This direct relationship arises from the accumulation of contributions
in individual accounts, which will generate returns on investments. At the end of the active
period, the total contributions and investment returns are transformed into a pension income
stream that continues until the retired individual dies.

Under this pension scheme, the actuarial present value of total future contributions paid by
the current active population can also be computed as shown in Equation 3.32. Additionally,
the actuarial present value of the total projected benefits for current active individuals and
the pension values for current retired individuals can be calculated as

Tret—1 r—x0
Hp(t) = (1, + 7¢) Z L( Z w(t — 2) - e
. o m_f e (3.34)
L) plt— (=) [] Aclt =+ 2o + ) - da(t),
T=Tret Jj=0
where
Cret(t
AC(t) - Tew t<1') Tret (335)
Do () Dt — & 4 o) - T At — 2 4 ey — 1 +5)
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and p(t — (z — x.e)) represents the per-capita pension value paid each year to generation
Tret (t — (¢ — Tret)). This value is calculated at the retirement of each generation so that it
satisfies the equality

Tret —Z0
P(t — T + Tret) * e, (t — T + Tet) = (75 + 7) - Wt — T+ Tpey — 2) - €7, (3.36)
z2=0

for all + = X, ..., z,. The Equation 3.34 can be interpreted as the present value at time
t of future benefits of survivors of the generations {zo(2) | t — 2, + 1o < z < t}, while the
equality in 3.36 is the principle of actuarial equivalence.

The reserves needed by the social security pension system at time ¢ can be calculated as
in 3.33. In the same way as for the DB scheme, we establish the sustainability condition
V(t) < K(t).

3.3.6 Internal rate of returns

To estimate the rate of return for members entering the social security system at a specific
time ¢, we use the concept of the internal rate of return. We denote this rate of return as
r(t). In simple terms, the internal rate of return is defined as the rate at which the present
value of benefits equals the present value of contributions [59, 131, 212, 208]. Formally, this
value can be derived from the following equation:

Lret—1—L0

(1y +7p) - w(t + 2) _ = bt 4 By — o+ 2) =
; (1 + T(t))z ; (1 + 'r'(t))l"ret*moJrz 07 (337)

where b(t) is the periodic benefit provided by the pension scheme at a time ¢. Therefore, in
the case of a DB scheme,

z

b(t + Tret — L0 + 2) =Tp- W(t + Lyet — $0) : H Ac<t + Tret — L0 + ])7 (338)
7=0

while for DC schemes,

z

b(t + Tret — o + 2) = Pt + Tret — T0) - H At + Tt — o+ 7). (3.39)
=0

3.3.7 Decision problem and maximization algorithm

The optimal pathway for carbon abatement rates, as well as for consumption and savings of
workers and retirees, can be determined by maximizing the social welfare function described
by equation 3.19. This can be achieved by solving the optimal control problem (OCP):

T“{ (Cw(t)JrCr(t)
N0+ 1.0

~ max
pE=(TH)) s

) (L (t) + 1:(2)) } e 0h) (3.40)

1
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subjet to: V(t) — K(t) <0,
0<p(t) <1,
0<7r<04, (3.41)
0<7,<04,
0<14+7,<04

where t =ty+h-(j—1),and u(j =1: (T'+1)) is a vector with components given by a series
of values pu(t), for j = 1,...,T 4+ 1. The first constraint in 3.41 is necessary for the long-term
sustainability of the system. The second constraint corresponds to the maximum carbon
abatement used in the DICE model. The remaining constraints are derived from definitions
of contribution rates.

In Appendix A.3, we present the algorithm used to determine optimal climate policies and
social security contribution rates based on a DICE-SS model.

3.4 Numerical Analysis

In this numerical analysis, we present a scenario analysis based on the narratives outlined by
the SSP scenarios. To accomplish this, we have re-estimated certain parameters in various
functions of the DICE model, including total factor productivity (TFP), carbon intensity,
and mitigation costs. Additionally, we have introduced mortality risk by integrating the
health module of the IFs model. The methodologies used are discussed in Sections 3.4.2 and
3.4.2.2 below.

It is important to note that our estimates of economic and geophysical variables are based on
the specifications outlined by the DICE2016R model. Although we are aware of the recent
release of the updated version, the DICE2023, we have decided to use the previous version
because it offers a reliable reference framework supported by extensive research conducted
using this model. The default values for the parameters of the DICE2016R model used in
our estimates are presented in Appendix A.2.

3.4.1 Shared Socioeconomic Pathways (SSPs)

The DICE model, like any other Integrated Assessment Model (IAM), aims to create accurate
representations of the world that can help address relevant hypothetical questions. These
questions involve concerns about potential future events, such as what would occur in the
event of decreased economic growth or what would happen if the world continued its current
trend of fossil fuel consumption. The uncertainty surrounding these questions has led to the
use of scenario analysis in numerous studies. Among these, the SSPs scenarios are among
the most widely used representations of the world under climate change.

The SSPs consist of five narratives that explore different “what-if” questions related to pop-
ulation growth, economic and technological development, education, healthcare, and social
equality. In our analysis, we focus particularly on population and GDP growth, as these are
the most significant factors affecting carbon emissions and are essential in quantifying the
SSPs. The five SSPs can be briefly described as follows:
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- SSP1- Sustainability: In this scenario, the world makes significant progress towards sus-
tainability through enhanced international cooperation. Emphasis is placed on prioritizing
human welfare over economic growth. There is increased investment in education and health-
care to support the demographic transition. Both population and consumption are growing
at a slower rate. The commitment to achieving development goals results in reducing social
inequality within and between countries.

- SSP2 - Middle of the Road: This scenario involves minimal efforts to reduce greenhouse
gas emissions as the world continues its current socioeconomic path. Population grows
moderately and stabilizes during the second half of the century. There is no significant
improvement in income equality.

- SSP3 - Regional Rivalry - A Rocky Road: Policies in this scenario focus on domestic secu-
rity, which limits international trade. Investment in education and technological innovation
is reduced, leading to declining economic growth and increased social inequality. Developing
countries experience a higher rate of population growth compared to other countries.

- SSP4 - Inequality - A Road Divided: This path exacerbates existing social inequalities due
to large disparities in investments in human capital, economic opportunities, and political
participation. As a result, the gap in inequality widens both within countries and between
them, leading to a deterioration of social cohesion and an increase in conflict and unrest.

- SSP5 - Fossil-fuelled Development - Taking the Highway: Policies in this scenario aim
to promote sustainable development through competitive markets, technological innovation,
and investment in human capital. However, the high economic growth leads to high energy
consumption and intensive fossil fuel exploitation. Additionally, the population experiences
a significant decline in growth over the century.

The process of creating baseline SSP scenarios has involved three global stages [175]. The
first stage consisted of the generation of the SSP narratives by gathering expert knowledge to
qualitatively and quantitatively describe the key drivers of plausible socioeconomic futures.
These narratives are summarized in tables that include a quantitative interpretation of the
key components and assumptions for each SSP (refer to Tables 1-3 in O’Neill et al. (2017)
[176])). The second stage involved the generation of plausible numerical drivers that align
with the narratives of the SSPs. These numerical drivers encompass projections of GDP,
population, adult education levels, and urbanization trends. The third stage is not finished
and involves the contributions of different IAMs to produce quantitative projections for other
socioeconomic factors, including the energy production, land use, and carbon emissions. In
this paper, we utilize the numerical drivers provided by GDP and population, along with
[TAM projections regarding mortality rates, carbon emissions, and carbon prices, to generate
quantitative projections related to social security.

3.4.2 Characterization of SSPs within the DICE-SS model

To effectively integrate the SSPs into the dynamics of the DICE SS model, the numerical
drivers of the SSPs must align with the specifications of the DICE model. Specifically, the
components of the model that can internalize the drivers of the SSPs include labor supply,
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TFP, mitigation costs, and carbon intensity. The numerical drivers from the SSPs that can
be utilized include population, GDP, carbon emissions, and carbon prices. For each SSP, we
collected the projections for GDP, carbon emissions, and carbon prices from the SSP Public
Database. The population projections were obtained from the IFs Public Platform.

Using the SSPs population projections, labor supply is defined as the population aged 25 to
64, while the retired population comprises individuals aged 65 and older. Since population is
an exogenous factor in the DICE model, this step is relatively straightforward. In contrast,
since GDP is an endogenous factor within the DICE model, incorporating GDP projections
is more complex. One approach to address this is by recalculating TFP to ensure it aligns
with the GDP projections of each SSP. To achieve this, we followed the methodology outlined
by Yang et al. (2018) [235]. According to this methodology, we can calculate TFP as

GDPSSP(t>
K(t)’y . Lssp<t)177
in a loop, where K(¢) is determined at each iteration by solving the optimization problem
outlined in equations 3.40 and 3.41. The terms GDPgsgp(¢) and Lggp(t) represent the gross

GDP and the population projections, respectively, for a specific SSP. This process continues
until Y(¢) equals GDPgsp(t). This methodology is summarized in Algorithm 1.

A(t) = (3.42)

Algorithm 1 Estimation of total factor productivity
1: while Y(t) 7é GDPSSP<t) do

2: Compute:

3: max  U(h-T);
H{j:1,...,T}TpsTf

¢ K();

. _ GDPsgp(t) .
5 Al = gapLaspo
6: Y(t)

7: end while

The mitigation costs can also be influenced by the conditions outlined in the SSPs. Drawing
on the ideas presented by Yang et al. (2018) [235], we can establish a non-linear regression
model between emission reduction rates and estimated mitigation costs for each SSP. These
regressions can be formulated according to the equation 3.7, in the form A = By-p%. In fitting
these regressions, the mitigation costs, A, can be calculated as the product of carbon prices
under various mitigation policies within a given SSP and the resulting emissions reductions,
i, (see Riahi et al. (2017) [200]). Subsequently, these values are expressed as a percentage
of GDP. Once the parameters 5, and (; are consistently estimated for each SSP, they can
be utilized to determine the optimal emission reductions and the associated mitigation costs
in the OCP outlined by Equation 3.40.

The costs of mitigation as a function of the rate of carbon emission reduction are shown in
Figure 3.2. The results of the respective regressions are presented in the Appendix A.1.

It is important to note that the values of u obtained from regression methods do not cor-
respond to the time series p(t). Therefore, we need to incorporate the trajectory of the
backstop technology cost as described in Equations 3.7 and 3.6. For this, we utilized the
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Figure 3.2: Estimated mitigation costs according to SSP 1-5. Source: Projections of GDP, carbon prices
and carbon emissions from the SSP Public Database (2018 release) [200].

estimates provided by Barrage and Nordhaus (2024) [20]|. Specifically, we assume that the
initial cost of backstop technology was $695 per ton of CO in 2019 (¥(¢) in Equation 3.6),
with this cost projected to decrease by gy = 1% each year until 2050. After 2050, it is
anticipated a further annual decrease of gy = 0.1%. Additionally, we adopt their estimate
of 65, which is set at f; = 2.6. In this way, we can estimate the time trajectory of u(t) over
the century and afterwards, by equating the regression A = 3, - ' with the equation 3.7.
An expression for p(t) can be given by

1000 - 6, 3
10 = (A G T s (343

where the carbon intensities, ossp (), can be computed straightforwardly as the ratio of total
annual carbon emissions to the GDP of the respective SSP scenario.

3.4.2.1 Extension of time-frame for the SSP scenarios

While the projections in the SSP public databases extend to 2100, we increase this time-
frame by an additional 400 years to approximate the infinite sum of utilities in Equation 3.19.
To calculate the TFP for the years after 2100, we estimated the decline rate of productivity
growth by using equations 3.2 and 3.3 and subsequently fitting the regression

ga(to) _a . (i_
Ln ( o @) ) =d,-(j—1), (3.44)

with j=1,.,17, t=to+h-(j —1).
Similarly, the carbon intensity was projected for an additional 400 years by using the equa-
tions 3.8 and 3.9, and fitting the regression
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In (_USSP(J +1) - USSP(J)) —In(-g,(1)) =j-Ln (1 + &g) . (3.45)
ossp(J) 7
The population, on the other hand, was projected using the Verhulst’s logistic growth model
[227]. This model has recently been recognized as a more accurate representation of popula-
tion growth that aligns with the ongoing demographic transition. Compared to traditional
exponential projections, the Verhulst’s logistic model may better reflect observed declines
in fertility rates, current trends of life quality improvements, and the contemporary under-
standing of limited natural resources [108]|. Accordingly, we fitted a logistic growth model of

the form

K - LO . er'(t_tO)

K+ Lo - (er(t=to) — 1)’
where Lg is the initial population, and the parameters r» and x represent the intrinsic pop-

ulation growth rate and the population saturation level, or carrying capacity, respectively
7

Lssp(t) = (3.46)

3.4.2.2 Mortality projections under SSPs conditions

A crucial aspect of integrating a social security module within the DICE model involves
considering mortality risk. We rely on the death counts projected by the health module of
the IFs model for this purpose. As described in Hughes et al., (2014) [111], these projections
consist of a series of regressions developed for 15 different types of cause of death, categorized
by region, sex, and age group. The age categories considered by the IFs model consist of
b-year intervals for ages from 1 to 99, one separate category for infants, and a single category
for individuals aged 100 and older. In our social security model, we only consider mortality
projections for individuals aged 25 and older. These projections have been transformed
into one-year age intervals using cubic splines, as described in the Methods Protocol for the
Human Mortality Database [230]. After converting the mortality counts from the IFs into
one-year age counts, we then calculate the death probabilities, denoted as q,, as

1+ (1—ay)-my

G xr=25,....,99. (3.47)
In this formula, m, represents the central mortality rate, while a, denotes the average time
lived within a one-year age interval. We calculated m, by taking the ratio of the average
death counts at age x over three-year intervals to the average total population of age x during
the same timeframe. Additionally, we made the assumption that a, = 1/2.

The mortality projections were generated from 2019 to 2100. For years after this period,
we assumed constant mortality rates. Figure 3.3 represents the projections for various years
across the century. In particular, this figure highlights notable differences in mortality im-

provements across scenarios, with SSP1 and SSP5 showing the most significant progress,
while SSP3 and SSP4 exhibit the least.

"The carrying capacity is the estimated maximum number of individuals that the environment can sup-
port, at which point the population stabilizes and the growth rate approaches zero.
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Figure 3.3: Mortality projections according to SSP 1-5 for years 2019, 2030, 2050, 2070, and 2090. Sowrce:
Projections based on the IFs-IAM.

Using Equation 3.47, we define p, = P(K4(z,t) > 1) = 1 — ¢,(¢). Furthermore, since

P(Kqg(z,t) > h+ 2)

P(Kd(l’,t) < h+ Z|Kd($,t) > h) =1- P(Kd(x t) > h) ,

(3.48)

and assuming that the social security planner uses the life table issued at time ¢ to estimate

members’ future lifetime based solely on their age, we have

P(Kqg(z,t) > h+ 2)
P(Kq(z,t) > h)

P(Ky(z +h,t) <2)=1- (3.49)

The result in Equation 3.49 arises from the assumption that, when utilizing only life tables,
the conditional distribution of K4(x,t) — h is equivalent to the distribution of Kq4(x + h,t).
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Therefore, we can rewrite Equation 3.49 as

Poyn = (3.50)
hPz

Using Equation 3.50 and the estimated probabilities in Equation 3.47, we can perform all
calculations proposed in sections 3.3.4 and 3.3.5.

3.4.3 Initial state of the social security system

In this analysis, we assume that at time g, all retirees achieve a replacement ratio of 60%,
which is based on the current wage income, w(ty). We also assume that the accrued rights on
capital of all workers correspond to the actuarial present value of an annuity benefit contract,
which provides at retirement a replacement ratio of 60% of the current wage income. From
t; onwards, the total accrued rights on capital are calculated based on the assumed initial
conditions and the subsequent flow of contributions and benefits of the respective pension
scheme, whether it is a DB or a DC.

3.4.4 Results
3.4.4.1 SSP quantitative drivers

We start by outlining some of the quantitative factors that drive the SSPs and that we have
included in our model. In Figure 3.4 are depicted the projected values of GDP, population,
and carbon intensity for the SSP 1-5. These values were projected over 500 years to ap-
proximate the infinite sum of utilities in Equation 3.19. However, our analysis will focus on
presenting the results for the current century.

The quantitative drivers shown in Figure 3.4 allow us to characterize key aspects of the
SSPs [176]. In terms of economic growth, both the scenario emphasizing high development
through fossil fuels (SSP5) and the scenario focusing on environmental sustainability and
human well-being (SSP1) exhibit the highest GDP. In contrast, the scenarios focused on
inequality (SSP4) and regional rivalry (SSP3) are the least favorable. When examining
population growth, these scenarios highlight significant changes in the working population.
In the SSP3, population growth accelerates until the end of the century. In contrast, the
other scenarios show a similar growth trend until around the middle of the century, after
which the population begins to decline and stabilize. This decline is more pronounced in the
better-development scenarios, specifically in SSP1 and SSP5.

In terms of carbon emissions, scenarios SSP2, SSP3, and SSP5 project a significant increase
in total emissions, primarily due to a heavy reliance on fossil fuels for energy production. In
contrast, SSP1 and SSP4 show smaller increases, with a trend of decline during the latter half
of the century. The lower emissions projected in SSP1 are largely attributed to its emphasis
on sustainability, which promotes investment in green technology and energy efficiency while
respecting environmental limits. On the other hand, the trends in SSP4 result from lower
economic growth in certain regions, coupled with technological innovation and improved
energy efficiency in others. Although all scenarios indicate a decrease in carbon emissions
per unit of GDP — carbon intensity — the SSP3 experiences the slowest reductions. This slow
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Figure 3.4: Projection of population, GDP, carbon emissions, and carbon intensity under SSP 1-5. Note:
GDP is measured in trillions of US dollars, adjusted for purchasing power parity (PPP) from the year 2000;
Carbon emissions are measured in gigatons of carbon (GtC).

progress is attributed to limited technological development, minimal advancements in clean
energy, and a lack of focus on environmental goals [176].

3.4.4.2 Optimal carbon reduction policies

The solution to the OCP in equations 3.40 and 3.41 regarding the carbon emission reduc-
tion policy is denoted as p*(t), as shown in the left panel of Figure 3.5. The corresponding
temperature projections are displayed in the right panel of the same figure. As expected, in
the SSP1 scenario, the emission reduction policy p*(t) shows a rapid increase in stringency,
especially notable after 2030. By 2100, emissions are expected to ultimately reach full sub-
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stitution of fossil fuels. However, despite this scenario offering an optimistic and sustainable
outlook, it falls short of preventing temperature increases below 2°C. To achieve this goal,
stricter policies may be required [228]. In a slower trend, the emission reductions projected
in the SSP2 result in a 92% decrease in carbon emissions by the year 2100, which leads to
a temperature increase of 4°C. The SSP3 and SSP4 show even slower rates of carbon emis-
sions reduction compared to SSP2. However, while these two SSPs follow similar emission
reduction trajectories, the SSP3 results in higher temperatures due to its greater carbon
intensity (see Figure 3.4). Finally, while the SSP5 shows higher emissions reductions during
the first half of the century, its heavy reliance on fossil fuels limits the reduction of emissions
afterwards. This results in an increase in temperature of 4.5°C by the year 2100.
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Figure 3.5: Optimal emissions reduction policy and associated change of atmospheric temperature under
the SSP1-5.

3.4.4.3 The social cost of carbon

The social cost of carbon (SCC) is a widely used metric for setting carbon taxes, evaluating
climate policies, and assessing the emission costs of investment decisions [32]. Conceptually,
the SCC represents the marginal reduction in aggregate consumption that would result in a
decrease in social welfare equivalent to that caused by a marginal increase in carbon emissions
[32]. Formally, it can be expressed as

_ OU*JOE"(j)
U aC(j)
where C* and E* represent the optimal values of aggregate consumption and carbon emis-
sions, derived from solving the OCP defined by equations 3.40 and 3.41. The maximum
social welfare achieved from solving this OCP is represented by U™.

In simple terms, the SCC can also be defined as the dollar value of the economic damages
caused by a marginal increase in CO5 emissions in the atmosphere. Although the dependency

SCC()) (3.51)
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of Equation 3.51 on the solution of an OCP complicates direct calculations, approximation
methods can be employed. We applied the method based on the discounted damage stream
as described by Braun et al. (2024) [32]. According to this method, the SCC can be
approximated as

0C"(j)
OE™(7)

T
SCC(i) = 1000 - i (3.52)
j=1

where i = 1,...,T, and g, ; is the Ramsey social discount factor

1
(1+0i5)™
In Equation 3.53, ¢ is the rate of social time preference, « is the the elasticity of marginal
utility of consumption (see Equation 3.18), and g, ; is the growth rate of per-capita con-

sumption

oy COULG) 350

T CT()/L(3)

The social discount rate used in Equation 3.53 refers to the rate at which society is willing
to trade present consumption for future consumption in social and sustainable investment
projects [207]. The classical Ramsey formula for the social discount rate states that the
optimal rate is the sum of the social rate of time preference between generations and the
growth rate of per-capita consumption adjusted by the elasticity of marginal utility of con-
sumption. This can be formally written as In(d)+a-0; ;—1. The time preference component,
0, measures society’s preference for the well-being of future generations over that of current
generations, while the growth rate of per capita consumption, g; ;, reflects the anticipated
changes in consumption and productivity for future generations. This second component is
expressed in terms of utility change by multiplying it by the elasticity of marginal utility of
consumption, .
Since we have differentiated between the consumption of workers and retirees, an expression
for the SCC for both groups can be obtained by rewritten Equation 3.52 as

—0-(j—1) | (3.53)

Sij = €

SCC(i) = 1000+ ) 0 [Cf”g%fi)ci(j)] -G = SCCy (1) 4 SCC, (i), (3.55)

The estimates of the SCC for workers and retirees derived from the DICE-SS representation
for each SSP are displayed in Figure 3.6.
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Figure 3.6: Social cost of carbon (in USD per ton of CO3) under DB and DC schemes for the SSP1-5.

When differentiating between the consumption of workers and retirees, and considering the
transfer of contributions across different time periods and generations, the long-term effects
of climate change can differ significantly between both populations. Specifically, in light
of climate change, workers may have greater motivation to save a portion of their income
in order to ensure adequate consumption during retirement. This shift could lead to an
increase in their social discount rates (g; ;). Consequently, future retirees might experience
greater long-term reductions in their consumption levels due to the impacts of rising carbon
emissions and the associated climate damages on their increased savings. In a pay-as-you-
go system, the incentive for workers to delay consumption is primarily influenced by the
projected decline in workforce growth during the latter half of the century (see Figure 3.4),
especially in the SSP1 scenario. This creates a necessity for higher contributions, aiming
to improve the support of current pension liabilities through wages, while capital is mainly
used to stimulate economic growth, thereby enhancing long-term retirement benefits. In a
funded system, the reasoning is similar. The challenges posed by a declining labor force and
slow economic growth are addressed through increased savings that are directly allocated
to investments promoting long-term economic growth. As a result, the increase in social
discount rates, combined with ineffective emission policies that fail to significantly reduce
temperature rises (see Figure 3.5), results in a higher estimation of the SCC for retirees
(see Figure 3.6). The disparity in the SCC observed between workers and retirees can
also be attributed to the decline in the workforce, which typically results in higher wages.
These increased wages can help offset the long-term effects of climate change on workers’
consumption.

The results presented in Figure 3.6 indicate that retirees may be especially impacted by
the rising costs associated with each additional ton of carbon emitted into the atmosphere.
Notably, DB schemes can help mitigate these costs for retirees, particularly in scenarios
marked by low economic growth and high social inequality (SSP3 and SSP4). In the section
below, we further discuss the effects of climate change on DB and DC pension schemes and
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their financing systems.

3.4.4.4 Optimal decisions in social security

For each SSP, we determined the contribution rates that resolve the OCP outlined in equa-
tions 3.40 and 3.41. These rates are presented in Table 3.1 and the left panel of Figure 3.7.
The corresponding social welfare, replacement ratios, and associated aggregate consump-
tion are illustrated in Figures 3.7, 3.8, and 3.9, respectively. The analysis for each SSP is
presented in Section 3.4.4.5.

DB DC
Scenario PAYGO Funded PAYGO Funded

SSP1 0.07 0.05 0.00 0.22
SSP2 0.00 0.04 0.19
SSP3 0.00 0.08 0.12
SSP4 0.10 0.01 0.00 0.03
SSP5 0.00 0.28 0.00 0.26

Table 3.1: Optimal contribution rates for DB and DC schemes financed through pay-as-you-go (PAYGO)
and funded systems under SSP1-5

Contribution rates (1:+1;) Optimal Social Welfare

SSP1 35P1

03 1690

022 1263

015 845

S5P2 0.07 ssPs S5P2 422 S5P5
Q & 1%
S5P3 S5P4 S5P3 S5P4
DB DC

Figure 3.7: Optimal social security contributions and resulting social optimum under the SSP1-5

3.4.4.5 SSP narratives for social security

Based on the results presented in Section 4.6.2, the extreme conditions associated with each
SSP allow us to identify important considerations for social security that can be applied to
a wide range of plausible future scenarios. These findings are discussed below as narratives
related to social security for each SSP. Table 3.2 summarizes the trajectories and optimal
decisions for several important variables affecting social security. An extended description
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is also presented in this section. However, to understand the resulting projections and ideas
presented in these narratives, the following considerations should be taken into account:

t. The increase in the working population across the SSP1-5 scenarios, combined with the
economic growth described in each scenario, plays a crucial role in shaping both labor supply
and demand. As a result, each SSP leads to different per capita or average wage levels.
The highest average wages are found in scenarios marked by strong economic growth —
indicating high labor demand — paired with a smaller working population, which suggests
lower labor supply. Conversely, the lowest average wages occur in scenarios characterized by
weak economic growth and higher population growth.

11. Considering the interaction of capital and labor factors in the production function de-
scribed by Equation 3.1, a decrease in the working population results in a greater reliance on
capital to produce each unit of production, hence implying a reduction in returns on capital.

i11. Climate-related losses are represented through the SCC displayed in Figure 3.6. As
discussed in Section 3.4.4.2, the SCC represents the present value of future consumption
losses caused by the emission of one ton of carbon. In the following section, this value will
be used to determine whether the reductions in returns on capital and labor are related
to the climate damage caused by total carbon emissions. Generally, scenarios with higher
investments and production levels are more susceptible to consumption losses associated
with each ton of carbon emitted. This increased vulnerability is primarily due to the high
temperatures projected across all scenarios, even under the SSP1 scenario.

. Mitigation costs are analyzed by considering the costs per unit of production as shown
in Figure 3.2, along with the associated optimal policy for emission reductions displayed in
Figure 3.5.

v. The return on capital, (Ypet(t) — W(t)), is allocated between workers and retirees based
on their accrued rights (see Equations 3.23 and 3.24). Retirees consume (Yyet(t) — W(t)) -

(1 — w@(ﬂ)) while the remaining return is saved to support the accrued rights of workers.

K(t)

. Recalling our initial conditions, it was assumed that the total capital of the system is
jointly owned and provided by both the elderly and workers, allowing the social planner
of the system to manage it (see Section 3.4.3). Consequently, even when social security is
financed through a pay-as-you-go system, the overall system — and the economy as a whole
— still retains wealth that generates returns on capital. These returns allow for adjustments
in pension amounts based on consumption needs (e.g., inflation adjustments), and facilitates
the allocation of capital for economic growth purposes (e.g., public projects).

vit. The condition mentioned in 7v has an important implications for social security. Since
pension returns are allocated to each retiree using the pension indexation A.(t) (see Equa-
tions 3.31, and 3.35), retirees with excessively high pension values, which significantly differ
from those of their peers, will receive a substantial portion of the returns. This situation can
cause a quicker decline in the value of benefits for retirees with lower pension values.

vits. When pension values differ significantly between generations, choosing between funded
or pay-as-you-go systems based solely on the one with the higher return can lead to a
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quicker loss of value for pensions that are already low. In this context, while funded returns
are generally higher than pay-as-you-go returns, a fully funded approach may actually be
disadvantageous. A mixed approach could be more effective. In fact, when funded returns
are significantly higher, the social security system can utilize the pay-as-you-go system to
mitigate excessive return accumulation for advantaged retirees, while also partially financing
overall pension liabilities. Finally, by financing current pension expenditures, pay-as-you-go
systems enable greater use of the total capital of the system to achieve long-term economic
growth. This last condition is very advantageous for DB schemes, as a pay-as-you-go system
allows a higher allocation of the capital of the system to influence economic growth, thereby
increasing average wages and, ultimately, pension values.

iz. In this analysis, we calculated the replacement ratio of pensions by comparing the average
pension of a generation to the average wage in the same observation year. Consequently, this
ratio can exceed 1 or drop below 60%, depending on the changes in wages and the indexation
of pensions. These values are displayed in Figure 3.8.

- S5P1: a “green” demographic transition

In this scenario, sustainability trajectories are primarily driven by emission reduction policies
(see Figure 3.5) and substantial investments in other developmental goals, such as health
(see Figure 3.3) and education. Given the profound impact of these approaches on societies,
their costs can vary significantly. While the costs of emission reduction may be relatively low
due to ongoing socioeconomic efforts (see Figure 3.2), the demographic impacts of achieving
enhanced development goals could result in more substantial indirect costs. Overall, im-
provements in health and education are expected to speed up the demographic transition,
particularly in advanced economies. This change is projected to cause a significant decrease
in the working-age population, particularly in the latter half of the century (see Figure 3.4,
worker population). As a result, the anticipated economic growth in this scenario (see Fig-
ure 3.4, GDP), along with a smaller yet better-skilled workforce, will result in a greater
demand for labor, ultimately leading to increased wages. The potential disparity between
wage growth and the growth of retirement benefits may lead to significant costs for social
security members.

In social security systems that operate with DB schemes, higher per-capita wages can result
in increased benefits commitments, thereby raising the liabilities of the pension systems.
This creates a strong necessity to stimulate economic growth through increased and stable
investments, ensuring that enhanced benefits can be properly sustained. In light of this,
a mixture of funded and a pay-as-you-go system proves to be the most efficient solution
for increasing overall system wealth and distributing it across generations (see Table 3.1).
Rather than selecting a financing system solely based on the Samuelson-Aaron decision rule
8 [2, 204], a mixture is preferred due to its ability to generate higher returns on total capital
resources while alleviating inflationary pressures. Indeed, while a fully funded system can
offer significantly higher returns to members (see Figure 3.10), if it is implemented during
a period of consistently rising wages, the disproportionate accumulated wealth of workers

8In deterministic approaches, the Samuelson-Aaron decision rule suggests that the financing system pro-
viding the best returns should be preferred [2, 204]. However, in stochastic approaches, this rule may not
hold true because it does not consider the principles of diversification.
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can strongly reduce the returns on retirees’ wealth and erode the power of pension benefits
to purchasing future consumer goods. In such a scenario, retirees may need to increase
their current consumption through the pay-as-you-go system, thus countering the inflation
generated by excessive capital returns among workers. Despite the optimality of this mixture
of financing systems, the projected decline in labor supply during the second half of the
century significantly increases wages compared to the pension values of new retirees during
that period (see Figures 3.8 and 3.9).

In DC schemes, on the other hand, retirees determine their benefits based on the total amount
of capital they have accumulated. Unlike members of DB schemes, which can achieve op-
timal per-capita wages — and consequently benefits — through a joint optimal allocation of
consumption and savings across generations, DC schemes may require each generation to
focus solely on maximizing their individual retirement accounts. As a result, since capital
investments yield the highest returns (see Figure 3.10), workers may have a greater incentive
to finance their retirement benefits through a fully funded system (See Table 3.1). While
this strategy may provide substantial individual returns, it can also involve some unfore-
seen costs. As noted earlier, despite the financial advantages of fully funded systems, they
can also contribute to significant inflationary pressures. Although pension benefits may be
relatively high at the beginning of the retirement period, as per capita wages increase, the
purchasing power of these benefits tends to decline over time (see Figure 3.8 and 3.9). The
continued growth of workers’ accumulated capital, paired with increasing pension values for
new retirees, further reduces the purchasing power of older retirees. This inflationary effect
tends to be significantly more pronounced in the latter half of the century.

In conclusion, since achieving sustainable economic development will heavily rely on lower
population growth and significant financial investments, social security systems may struggle
to adapt to these changes, emphasizing the need to reassess the effectiveness of their pension
schemes. In particular, while the challenges of an aging population have often prompted
studies to explore a shift from traditional DB schemes to DC schemes, this may no longer
be a sufficient solution when considering the costs associated with climate change. In fact,
DB schemes may offer a more suitable system, characterized by lower contribution rates (see
Table 3.1) and a more effective distribution of consumption among the elderly (see Figure
3.8). Notably, utilizing a pay-as-you-go system within DB schemes allows for a more efficient
use of productive capital resources. This approach reduces the need for excessive savings (see
Figure 3.11), thereby alleviating the contribution rates for workers (74 7, < 0.2). However,
despite the advantages of DB schemes over DC schemes, protective measures for new retirees
in the latter half of the century may still be necessary.
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Figure 3.8: Replacement ratios of DB and DC schemes for cohorts retiring between 2024 and 2074 under
the SSP1-5.

- §SP2: The “penalization” of longevity trends

In a scenario where the world follows historical trends, economic growth is closely linked
to high carbon intensity (see Figure 3.4). While efforts to mitigate climate change occur
mainly in the latter half of the century (see Figure 3.5), they are insufficient to effectively
lower global temperatures. As a result, climate-related damages impede economic growth
and disproportionately impact the retired population (see Figure 3.6). These significant
climate-related damages lead to high mitigation costs (see Figure 3.2), which may largely
burden retirement savings. Although the socioeconomic conditions in this scenario indicate
a lower quality of life and a slower increase in longevity compared to SSP1 (see Figure 3.3),
there is still a notable trend of aging in the population (see Figure 3.4, worker population). In
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this context, social security systems may face several challenges, including increased climate
damages, rising mitigation costs, a moderate decline in working population, suboptimal
economic growth, and limited improvements in health.

In social security systems with DB schemes, the adequacy of average wages and the resulting
pension benefits largely depend on increased investments. These investments are necessary
to address the declining labor supply, recover from climate-related damages, and implement
emissions reduction policies. Unlike the SSP1, where a mixture between a pay-as-you-go
and a funded system is considered optimal, the significant climate damages and moderate
shrinking of the working population in the SSP2 lead to substantially low capital returns
(see Figure 3.10). As a result, combining a funded system with a pay-as-you-go system
may not be optimal for meeting the pension liabilities of future retirees, given that funded
returns may not be high enough, especially in the latter half of the century. Given that
funded returns exceed those from pay-as-you-go systems, focusing solely on the returns from
a funded system seems to be the most effective strategy to support retirees’ consumption
without overly burdening the workforce (see Table 3.1).

Although average wages rise due to the gradual decline in the working population during
the latter half of the century (see Figure 3.4, worker population), these increases in wages
are insufficient to provide benefits in DB schemes that can compete with the benefits of
DC schemes. Projections indicate that the values of DC pensions tend to outperform those
of DB scheme until around the age of 80 (see Figure 3.8). This primarily results from the
high accumulation of individual savings at the onset of retirement. However, due to rising
climate damage, mitigation costs, and resulting decreasing returns, the growth in pension
values tends to be lower than the growth of per capita wages (see Figure 3.8). This lower
growth is particularly more accentuated in DC schemes due to the substantial pensions of
newly retired individuals, which place greater pressure on return distributions compared
to DB schemes. As a result, DC schemes tend to favor higher consumption in the initial
years of retirement (see Figure 3.9). Despite this, DC schemes allow for the most efficient
allocation of resources for consumption, resulting in higher social welfare (see Figure 3.6) and
increased total consumption for retirees compared to DB schemes (see Figure 3.9). However,
the significant allocation of resources during younger years (see Figure 3.9) may not align
well with the lifespan of the elderly, ultimately penalizing their longevity trends.

Finally, we interpret the small participation of DC schemes in the pay-as-you-go system (see
Table 3.1) as a necessary measure to alleviate inflationary pressures on older retirees. This
allows them to benefit from some of the growth in total wages through the pay-as-you-go
return. Additionally, contributions to the pay-as-you-go system minimize capital returns
accumulated in individual accounts, enhancing the overall accumulated wealth of the system
that can be used for adjustments in pension values.

In conclusion, although it is commonly believed that DC schemes are equitable pension
systems capable of alleviating the financial strain caused by population aging, when it comes
to climate change factors — such as damages and mitigation costs — a different perspective is
revealed. In fact, climate-related issues can diminish the value of pensions, thus contributing
to significant intragenerational inequalities, particularly making the oldest individuals more
vulnerable. In contrast, DB schemes promote a more uniform distribution of resources
throughout the lifespan of retirees (see Figures 3.8 and 3.9), with a slightly lower contribution
rate (see Table 3.1). However, this approach leads to lower consumption (see Figure 3.9).
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Figure 3.9: Consumption of retirees by age for DB and DC Schemes under SSP1-5 (Trillon PPP USD
2000).

- SSP3: A call for cooperation across generations

In a scenario characterized by economic fragmentation, a lack of concern for the environment,
and insufficient investment in human well-being, high levels of investment are no longer viable
unless they are accompanied by a sense of cooperation. Despite relatively low economic
output, this scenario is marked by high carbon intensity (see Figure 3.4), which is projected
to raise global temperatures above 4°C by the end of the century (see Figure 3.5). As climate
damage progresses throughout the century, alongside the slow implementation of carbon
emission reduction policies (see Figure 3.5), the economic costs of each additional ton of
carbon emissions are evenly distributed over the years (see Figure 3.6). Nevertheless, retirees
bear a heavier burden. Ultimately, limited investments in education and healthcare, along
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with environmental degradation and rising poverty levels, significantly hinder improvements
in mortality rates (see Figure 3.3), and lead to demographic effects associated with rising
fertility rates (see Figure 3.4). In particular, high fertility rates, result in higher returns to
capital due to an oversupply of labor (see Figure 3.10).

In social security systems that rely on DB schemes, declining economic growth and an in-
creasing population create a pressing need for intergenerational cooperation. Indeed, as
social costs associated with climate-related damages, health deterioration, and a potential
oversupply of labor continue to rise, it becomes crucial to invest in stimulating the economy
and maintaining the stability of pre-established retirement benefits. In this regard, intergen-
erational cooperation in a pay-as-you-go system can help achieve these goals. By adopting a
pay-as-you-go system, pension liabilities can be effectively supported by a portion of aggre-
gate wages, while the considerably high returns on the productive capital of the system can
be directed toward long-term economic growth. As a result, this system can prioritize coop-
erative objectives, such as public infrastructure projects, over individual short-term financial
gains.

In DC schemes, while rising of wages is a relevant aspect, the growth of capital within
individual retirement accounts also plays a significant role. Within this framework, a trade-
off between cooperative and non-cooperative efforts may be required. Similar to DB schemes,
cooperation in DC schemes can be internalized by partially funding current pension liabilities
through a pay-as-you-go system. This approach allows more capital to be allocated towards
long-term economic growth and provides stable returns over time. On the other hand, non-
cooperative strategies can take advantage of ongoing economic growth to generate individual
short-term returns on capital through a funded system. However, despite the potential of
this strategy for higher individual savings and substantial pension amounts, DC schemes are
often not equipped to maintain the value of pensions in the face of rising climate-related
costs. This is particularly due to the non-cooperative nature of capital accumulation, which
results in each new generation of retirees accumulating lower savings due to lower average
wages and reduced returns on capital (see Figure 3.10). As a result, high fertility rates and
climate-related losses can quickly erode the pension value for new retirees due to their lower
accumulated capital (see Figure 3.8). This may lead to increased consumption at younger
ages, ultimately placing new retirees at a significant disadvantage in their later years (see
Figure 3.9).

In conclusion, in a world that prioritizes domestic security at a cost of low environmental
concerns, intergenerational cooperation is essential for allocating resources more efficiently
across people’s lifespans. To achieve this, DB schemes financed by pay-as-you-go systems
prove to be the most efficient system (see Table 3.1 and Figure 3.7). Broadly speaking,
these schemes can transfer a significant portion of capital returns toward economic recovery
while helping manage the potential overconsumption of older generations, who have been
less impacted by climate change.
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Figure 3.10: Internal returns of the optimal mixtures, as indicated in Table 3.1, alongside the pure funded
and pure pay-as-you-go (PAYGO) systems for various cohorts by pension scheme and under SSP 1-5. Note:
Each value on the lines represents the internal returns for the entire lifespan of cohorts aged 25 years at the
time indicated on the horizontal axis. In the right panel of SSP/, the line representing the returns of funded
system is obscured by the line of the mizture.

- SSP4: The “sunset” of social security

In a world increasingly characterized by poverty and inequality, the decline in quality of life
and deteriorating health (note the lower mortality improvements at younger ages in Figure
3.3) often lead young individuals to prioritize immediate consumption over saving. This
trend diminishes the incentive to postpone consumption and participate in social security
systems. Consequently, the allocation of savings within these systems tends to be low (see
Table 3.1). However, despite the lower contribution rates, those who survive to retirement
age can still receive adequate pensions, thanks to mortality rewards (note the decrease in the
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growth elderly population illustrated in Figure 3.4) and strong financial returns (see Figure
3.10) that help offset the loss of value caused by climate-related damages and associated
mitigation costs.

Despite a declining working population, social security systems with DB schemes can still
support retirement benefits commitments primarily through pay-as-you-go systems. This
can be accomplished by leveraging the decreasing number of elderly individuals, promoting
long-term economic growth, and making small contributions to funded systems. Similar to
other scenarios of high climate-related damages, significant participation in the stable, albeit
lower, rate of return of pay-as-you-go systems (see Figure 3.10) allows for a more equitable
distribution of consumption among retired generations (see Figures 3.8 and 3.9). This is
achieved by limiting savings accumulation for generations less affected by climate-related
losses (i.e., younger generations), while channelling most financial returns toward sustain-
able long-term economic growth. In this way, intergenerational cooperation maintains the
incentive for individuals to engage with social security systems. However, it is important to
recognize that access to high financial returns may be limited for much of the population,
particularly in less developed countries. This limitation stems from the inequality associated
with technological advancements, which tend to occur predominantly in more advantaged
regions. As a result, the reliance on pay-as-you-go systems may be more efficient in develop-
ing countries, while a greater emphasis on funded systems might be optimal in a narrower
range of advanced economies. Consequently, the optimality of a mixture (see Table 3.1) may
stem from the regional inequality implied by this scenario. Yet, since pay-as-you-go systems
require long-term economic growth to function effectively, international cooperation remains
essential for the success of DB schemes in certain developing countries.

When capital savings play a significant role in determining retirement benefits, as in DC
schemes, the higher returns offered by funded systems can be more beneficial (see Figure
3.10). However, as previously stated, in a scenario of high inequality, only a few countries
have the resources necessary to achieve these financial returns. As a result, the incentive
to participate in social security systems may be limited to a small, advantaged segment of
the population. Generally, populations that experience high life expectancies, have access
to advanced industrial development, and are likely to have the strongest incentives to post-
pone current consumption in order to finance their retirement later on. Conversely, at the
other extreme of the inequality spectrum, there are significant portions of the population
facing declining life expectancies, high fertility rates, and limited development. In these
cases, climate-related damages continue to hinder economic growth, making social security
systems less relevant compared to the need for immediate consumption. The coexistence
of these differing realities suggests that DC schemes are only optimal for advantaged coun-
tries, requiring very low contribution rates with respect to global total wages (see Table 3.1).
Ultimately, the longer life expectancies in advanced economies, combined with the higher
fertility rates in developing countries, lead to average pension values that are significantly
higher than the global average wages (see Figure 3.8). This global effect of social inequality
can be also observed through high consumption levels among long-lived survivors receiving
substantial pension amounts (see Figure 3.8 and 3.9).

Understanding the impact of extreme inequality on the effectiveness of DB and DC schemes
is crucial for social security decision-makers. In developing countries, fostering cooperation
between generations often leads to a preference for DB schemes. In contrast, more advanced
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economies tend to gain greater benefits from DC schemes, as these encourage economic
growth by facilitating significant investments of available resources. In our increasingly
globalized world, both strategies may be necessary. Ignoring this distinction could lead
to inefficiencies in advanced economies and contribute to the decline of social security in
developing countries. For example, these ideas can also be observed in Figure 3.9, which
shows that although DC schemes provide the highest level of social welfare (see Figure
3.7), the consumption levels of the elderly are lower compared to those in DB schemes.
This indicates that, for most workers in developing countries using DC schemes, the most
favorable choice has been immediate consumption. Importantly, considering the wide range
of global economic conditions, countries in the middle of the spectrum of global inequality
might find hybrid approaches to be more suitable.
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- §SP5: a “non-green” demographic transition.

In a world moving towards rapid economic growth, driven by extensive fossil fuel extraction
and substantial investments in innovation and human well-being, the strain on environmental
boundaries may ultimately impose most of the costs associated with climate-related dam-
ages on the elderly (see Figure 3.6). In simpler terms, in this scenario, rising environmental
damages are seen as a unavoidable part of maximizing global production. However, this pro-
duction is expected to cover expenses such as improving health conditions (see Figure 3.3),
ensuring food and energy security, and funding initiatives aimed at reducing carbon intensity
(see Figure 3.4). As a result, while this scenario relies on extreme adaptation mechanisms
to address significant environmental damages, two key issues concerning social security may
arise. First, the distribution of costs related to climate adaptation and damages may dis-
proportionately burden specific generations of retirees throughout the century. Second, as
environmental damages and population aging continue to escalate, these costs may rise at a
pace that outstrips economic production growth. Hence, increasing inflation pressures.

In this scenario, population ageing is expected to significantly reduce the working population
during the second half of the century (see Figure 3.4). This decline, combined with projected
high production levels, is anticipated to increase labor demand and raise the average wages
of future workers. In particular, rising wages, along with the costs associated with increased
climate damage, will lead to higher capital requirements necessary to sustain the required
production levels. The combined effect of rising wages and capital costs will cause aggregate
wages to grow closer to the diminished returns on capital (see Figure 3.10). Although
both types of returns are similar, capital returns are typically slightly higher, making fully
funded systems more desirable than pay-as-you-go systems (see Figure 3.10 and Table 3.1).
Importantly, in both financial systems, significant differences in returns can be observed
across different generations, with each new generation experiencing lower returns (see Figure
3.10). This inequality arises in part from climate-related losses that continue to diminish
returns on capital investments, particularly impacting less wealthy generations, such as young
workers. The degree to which savings lose value within each cohort varies depending on the
type of pension scheme used.

DB and DC schemes often struggle to maintain retirement benefits due to climate change
and a diminishing working population. As emphasized earlier, the rapid decline in fertility
rates results in a shrinking workforce, which creates a greater need for capital to support
the economic growth necessary to address the rising costs associated with climate change.
Despite that high wages may lead to greater retirement savings, pension payments that are
based solely on average wages (as in DB schemes) or actuarial equivalence (as in DC schemes),
without considering long-term capital costs of climate change, may result in an accelerated
devaluation of pension savings (see Figure 3.8). This issue is particularly pronounced for
each generation of retirees living in the latter half of the century. This effect tend to be more
accentuated in DC schemes due to higher accumulation of capital in individual retirement
accounts, which leads to higher pension amounts, but also less liquidity of the pension system
for long-term investments (see in Figure 3.11 the total capital compared to reserves).

As an important takeaway, the extreme adaptation requirements posed by this scenario
allow for a clearer identification of the importance of balancing actuarial fairness against
the adequacy of social security systems in the context of climate change. Considering the



inflationary pressures resulting from an aging population and increased costs associated
with climate change, prioritizing the adequacy of retirement benefits over strict actuarial
fairness can lead to a consumption distribution that better aligns with the lifespans of future
generations. Although DB and DC schemes generally provide similar overall consumption
levels at comparable contribution rates, DB schemes are often preferable due to their lower
concentration of consumption at younger ages (see Figure 3.9). Nevertheless, DB plans
remain significantly vulnerable to the loss of purchasing power in relation to average wages.
This suggests a need for social security decision-makers to adjust the definitions of benefits
and contributions to better prepare for future cost-of-living challenges.

3.5 Conclusions

This paper proposes an extension to the DICE model by incorporating intergenerational
consumption preferences, mortality risk, and social security transfers. The application of this
model was developed using the scenario frameworks provided by the SSPs, which encompass
a broad range of plausible long-term socioeconomic futures. Omne of the key conclusions
from our analysis is that the Samuelson-Aaron decision rule [2, 204]| is not applicable in
determining the most effective pension system. This is due to the necessity of considering
additional factors, such as the availability of long-term resources needed to generate the
income required to fulfill social security commitments.

In a system involving multiple generations facing long-term declines in returns and an ag-
ing population, the distribution of consumption goods between workers and retirees can be
influenced by the supply and demand for labor and capital resources. When one of these re-
sources becomes scarce, the efficiency of the other diminishes, requiring more of it to produce
a single unit of production, thus reducing its value. Consequently, ongoing climate losses,
population aging, and declining returns may lead to fluctuations in pension values, affecting
multiple generations in different ways. Our results suggest that a higher allocation of social
security resources for long-term economic stability is required, rather than focusing solely on
increasing return accumulation for members. In this context, pay-as-you-go systems, which
provide moderate returns, can effectively support pension liabilities while allowing the sys-
tem’s accumulated productive capital to be directed to bolster economic stability. Following
the Samuelson-Aaron decision rule could lead to situations where multiple generations com-
pete for high returns, resulting in significant inflationary pressures that primarily impact
older retirees.

Additional research is necessary to develop a regional adaptation of the DICE model proposed
in this paper. This approach would enhance the evaluation of social security and climate
policy decisions tailored to the specific conditions of each region.



Component

SSP1

SSP2

SSP3

SSP4

SSP5

Production Factors:
Labor

Capital

Labor costs (wages) versus
returns on capital

Consistent economic growth along-
side a decreasing workforce leads to
high average wages.

DB schemes result in lower capital
accumulation than DC schemes, yet
are equivalent to reserves: intergen-
erational equity.

Moderate economic growth, combined
with a slight decrease in the workforce,
results in moderate average wages.

DB schemes result in similar capital
accumulation as DC schemes, yet they
maintain considerably lower reserves:
lower intergeneration equity - high sol-
idarity.

Slow economic growth combined
with a significant increase in the
workforce results in considerably low
average wages.

DB schemes result in lower capital
accumulation than DC schemes, yet
lower reserves: lower intergeneration
equity - high solidarity.

DC schemes lead to accumulated capital equivalent to reserves: intergenerational equity.

Rapid increases in labor costs lead
to a rapid decrease in production per
unit of capital.

Moderate increases in labor costs re-
sult in a moderate decrease in produc-
tion per unit of capital.

Slow increase of labor costs leads to
stable production per unit of capital.

Slow economic growth, combined
with a slight decrease in the work-
force, results in low average wages.

DB schemes result in similar capital
accumulation than DC schemes, yet
are equivalent to reserves: intergen-
erational equity.

Slow increase of labor costs leads to
stable production per unit of capital.

Strong economic growth combined
with a significantly decreasing work-
force leads to considerably high av-
erage wages.

DB schemes result in similar capi-
tal accumulation as DC schemes, yet
they maintain considerably lower re-
serves: lower intergeneration equity
- high solidarity.

Significantly rapid increases in labor
costs lead to a substantial decrease
in production per unit of capital.

Financing systems:
DB Scheme

DC Scheme

Alongside a funded system that pro-
vides high capital returns from con-
sistent economic growth, a pay-as-
you-go system helps mitigate infla-
tionary pressures from rising wages
and climate-related losses.

Individual accounts
hanced pensions through high
funded returns, despite inflation
pressures caused by rising wages
and climate-related losses.

provide en-

Moderate returns from funded systems
do not effectively incentivize a mix
with a pay-as-you-go approach for al-
leviating inflation.

Individual accounts primarily en-
hance pensions through funded re-
turns, which are moderate yet still
higher than pay-as-you-go returns.

Current pension expenditure is ad-
dressed through pure pay-as-you-
go systems, while stable capital re-
turns, resulting from lower labor
costs, are utilized for long-term eco-
nomic growth.

Individual accounts are financed
through stable funded returns, while
their value is protected against in-
flation pressures from capital accu-
mulations and climate-related losses
through a pay-as-you-go system.

Current pension expenditure is ad-
dressed through pure pay-as-you-
go systems, while stable capital re-
turns, resulting from lower labor
costs, are mostly utilized for long-
term economic growth.

Individual accounts are financed
through stable funded returns, while
high mortality rates in younger age
groups and low wages result in low
pay-as-you-go returns, eliminating
any incentive to use a pay-as-you-go
system.

Low returns from funded systems,
yet higher than pay-as-you-go re-
turns, remove the incentive to use
pay-as-you-go systems.

Pensions:
DB Scheme

DC Scheme

Pensions gradually lose value compared to average wages, particularly

in the latter half of the century.

Pension benefits begin at a high level; however, their value decreases rapidly

relative to average wages over time.

Pension values grow faster than av-
erage wages, providing better in-
come protection in very old age.
Pension  benefits
high level; their value
decreases gradually — relative  to
average wages over time.

begin at a
however,

Pension values grow faster than av-
erage wages, providing better in-
come protection in very old age.

Pensions gradually lose value com-
pared to wages, particularly in the
latter half of the century.

Pension  benefits
high level;
decreases rapidly relative to average
wages over time.

begin at a
however, their value

Selection criteria:
SCC criterion

Samuelson-Aaron rule

Social welfare rule

Decision:

DB and DC schemes result in similar social costs of carbon, which are significantly higher for retirees.

The optimal DB scheme provides
higher returns compared to the op-
timal DC scheme.

The optimal DB scheme provides
higher social welfare compared to
the optimal DC scheme.

DB: Despite the aging population,
consistent green economic growth re-
stores the intergenerational equity in
DB schemes: a “green” demographic
transition.

The optimal DC scheme provides
higher returns compared to the opti-
mal DB scheme.

The optimal DC scheme provides
higher social welfare compared to the
optimal DB scheme.

DC: Combined moderate adverse ef-
fects do not allow for effective in-
come redistribution, significantly re-
ducing consumption at very old ages:
The “penalization” of longevity trends.

The optimal DB scheme provides
returns similar to the optimal DC
scheme.

The optimal DB scheme provides
higher social welfare compared to
the optimal DC scheme.

DB: Climate-related losses and
available resources are distributed

more effectively  between  gen-
erations  through pay-as-you-go
systems: a call for cooperation

across generations.

The optimal DC scheme provides
higher returns compared to the op-
timal DB scheme.

The optimal DC scheme provides
higher social welfare compared to
the optimal DB scheme.

DC: Poverty, high mortality rates,
and low solidarity diminish the abil-
ity of vulnerable groups to save for
retirement, thereby increasing social
inequality: the “sunset” of social se-
curity

The optimal DB scheme provides
returns similar to the optimal DC
scheme.

The optimal DB scheme provides
similar social welfare to the optimal
DC scheme.

DB-DC: High labor costs and cli-
mate damage lead to significant
capital-saving efforts that yield low
returns: a “non-green” demographic
transition.

Table 3.2: SSP narratives for social security
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Chapter 4

Regional Effects of Climate Change on
Social Security Systems: Rethinking the
Social Security Paradox

This paper updates the findings of the DICE-SS model regarding the potential impacts
of climate change on social security systems by analyzing regional effects. To achieve
this, we integrated a social security module into the RICE model and considered the
socioeconomic trajectories outlined by Shared Socioeconomic Pathways (SSPs) 1 to 3.
Our results indicate that the Samuelson-Aaron decision rule may not be applicable
when choosing the best pension system in the context of climate change. Instead,
we emphasize the importance of pension schemes that prioritize long-term efficient
distribution of resources over individual maximization of returns.

4.1 Introduction

The impact of climate change on social security systems has only recently been thoroughly
addressed in academic literature. Although there are many extensive studies on the individ-
ual channels through which climate risks can affect different sectors related to social security
systems, few efforts have integrated this interdisciplinary knowledge to analyze the chal-
lenges that climate change poses to social security. One notable effort is a review published
by the International Actuarial Association (IAA) [4], which outlines key considerations for
actuaries working in social security when addressing climate risks. Another notable contribu-
tion is an integral review of academic literature by Fonseca and Arnold (2025a) [83], which
categorizes the risk factors affecting social security systems into four main risk channels.
However, prior to these studies, most analyses primarily focused on the financial impacts
on pension fund investments, often neglecting other critical aspects of social security, such
as intergenerational risk sharing, long-term sustainability, and the adequacy of benefits in
light of climate change scenarios. Only a recent analysis by Fonseca and Arnold (2025b)
[82] examined the effects of climate change on social security through a consistent modeling
framework for retirement benefit schemes in an economy affected by climate change. This
modeling approach, known as DICE-SS, is an extension of the Dynamic Integrated Climate-

104



105 4.1. Introduction

Economy (DICE) model. Building on this research, we further enhance the social security
module to incorporate regional variations.

We conducted our regional analysis using the Regional Integrated model of Climate and
the Economy (RICE), developed by Nordhaus (2011) [171]. This model builds on the DICE
model and addresses climate damages as well as decision-making related to consumption and
mitigation on a regional scale. Several studies have examined optimal regional climate poli-
cies associated with this model by framing it as a dynamic game between regions, exploring
both cooperative and non-cooperative solutions separately [47]. In contrast, our approach is
more integrated. We consider cooperative and non-cooperative regional trends as outcomes
of the interaction between various socioeconomic variables. To achieve this, we incorpo-
rate the Shared Socioeconomic Pathways (SSPs) [176] into the RICE decision framework !,
linking all decisions on regional carbon emissions and economic growth according to one of
these global narratives. In particular, this removes the need for a dynamic game between re-
gions and shifts the focus to identifying the optimal balance between resource allocation and
consumption within each region in order to achieve a predetermined SSP narrative. Impor-
tantly, by defining the ultimate outcomes of regional interactions through a SSP in advance,
we can independently tackle the associated optimal control problem in each region. This
approach makes our model well-suited for conducting separate scenario analyses of social
security for individual countries. For this analysis, we will utilize the regional configuration
as established by the RICE model.

In line with the findings from the DICE-SS framework [82], we identified climate change as
a particular case limiting the applicability of the Samuelson-Aaron decision rule |2, 204].
While in a deterministic framework, this rule suggests that the financing system offering
the best returns should be prioritized |2, 204|, we found that pension systems designed to
maximize individual returns could lead to the premature consumption of funds that are
necessary for ensuring long-term sustained consumption for their members. In particular,
this perspective provides an alternative view of the Social Security Paradox first proposed
by Aaron (1966) [2]|. In fact, while Aaron argued that unfunded systems could offer greater
welfare than funded ones when their returns do not exceed the rates of population and wage
growth, our findings suggest that when considering consumption time preferences, unfunded
systems may still be favored, even if funded systems offer higher returns.

This paper is organized as follows: Section 4.2 presents the mathematical framework of the
RICE model. Section 4.3 discusses the Shared Socioeconomic Pathways (SSP) scenarios.
Section 4.4 outlines the enhancements made to the RICE model by incorporating a social
security module. Section 4.5 explains the methodology and data specifications employed in
our scenario analysis. Section 4.6 provides a comprehensive overview of our findings. Finally,
Section 4.7 concludes the paper with closing remarks.

'In the economic and financial analysis of climate change, utilizing multiple plausible scenarios has
emerged as an alternative to traditional stress testing methods. Various agencies and organizations have
developed different sets of scenarios that address both the physical and transition risks associated with cli-
mate change. Some of the most recognized scenarios include the Shared Socioeconomic Pathways (SSP),
the Representative Concentration Pathways (RCP), the Sustainable Development Scenario (SDS) from the
International Energy Agency, the Renewable Energy Roadmaps by the International Renewable Energy
Agency, and the scenarios created by the Network for Greening the Financial System (NGFS).
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4.2 RICE model

The RICE model is an extension of the DICE model that considers production and mitigation
costs specific to different regions [170]. The model structure outlined here is based on the
RICE-2011 model [171], with some adjustments in parameter calibration. As in recent re-
estimations, time is depicted in five-year time-steps instead of the 10-year intervals used
in the original version. Additionally, the global socioeconomic system is divided into 12
regions, including the developing regions of Russia (RS), Non-Russian Eurasia (EUR), China
(CN), India (IN), the Middle East (ME), Africa (AF), Latin America (LA), and other Asian
countries (OA), as well as the developed areas of the United States (US), Europe (EU),
Japan (JN), and other high-income countries (OHI) (see Figure 4.1 and Appendix B.2).
Appendix B.4 contains the default parameters used in our approach, while the specifications
for parameter calibration developed in this paper are discussed in Section 4.6.
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Figure 4.1: Regions considered by the RICE model.

The RICE model approaches the economic system using a neoclassical model in which con-
sumption decisions are made alongside investment decisions in capital, technology, human
capital, and climate change mitigation (also called natural capital). These allocations are
decided in such a way that by optimizing economic growth relative to its cost in terms of
carbon emissions, future consumption is maximized with the least damage to the climate
system.

The economic growth of each region is described through a Cobb-Douglas production func-

tion of the form
Vi(t) = Ap(t) - Ko(8)" - o) 7, (4.1)

where for each region r = 1,...,12, A,(¢) represents the total factor productivity, K,(t)
stands for capital stock, L.(¢) denotes the labor force, and ~, is the elasticity of capital,
with 0 < 7 < 1. These variables are measured in time-steps of size h = 5, such that
t=ty+h-(j—1), where j =1,2,3,...,T + 1 and ¢, is the starting year.
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The capital accumulation of each region evolves according to the equation
K (t+h) = (1 —6x,)" - Ke(t) + h-1.(8), (4.2)

where I,(t) is the gross capital investment and Jy, is the annual rate of capital depreciation.
The reduction in output caused by climate-related damages is measured using the damage
function, €2,(¢). This function calculates the percentage of regional production loss over time
using a quadratic function of the change in the global average atmospheric temperature. A
general expression for €2,(¢) can be given by

Qu(t) = w1y - Tag(£) + oy - Tag ()7 (4.3)

where T, (t) is the increase in average atmospheric temperature above pre-industrial levels,
and the coefficients 7 ,, ma,, and 73, are estimated values based on historical data.

The costs of mitigating climate change, denoted as A,(t), are determined by the portion of
total economic production that is allocated to reducing the current rate of carbon emissions,
based on a specific emission control rate p,(¢). These costs follow a convex curve in relation
to p;(t) and can be calculated as follows:

A(t) = 91,r(75) ) Nr(t>02’r (4.4)

with
\Ijr(tO) : (1 - g\I/r)titO . Ur(t)
1,000 92,r ’

where 6y, is a parameter, W,(ty) represents the cost of backstop per ton of replaced carbon
at time o, gy_is the decline rate of the cost of backstop technology, and o (t) is the level of
carbon intensity. Additional details on these values can be found in Section 4.6.

Accordingly, the economic production after mitigation costs and climate damages is given
by

Ql,r(t) -

(4.5)

Yaetar (t) = (1= (1)) - (1= Au(t)) - Au(t) - K1) - Le(t) (4.6)

To compute Equation 4.6, a set of geophysical equations is used to connect regional economies
with the global climate system. These equations involve the carbon cycle, radiative forcing,
and global temperature transition.

Total global carbon emissions are the sum of all regions’ industrial emissions, Ej,q, (), ad-
justed by the emissions control rates, u.(t), along with natural emissions from land use in
all regions, Epnq.(t). Formally, the total carbon emissions at a time ¢ can be expressed as

19 Bind,r(t)
B(t) = (1= u(t) - 0:(t) - Yo (t) +Erana () (4.7)

The carbon cycle is calibrated according to the transition of carbon between three reservoirs,
namely the atmosphere, (M,;), the upper oceans and the biosphere, (M,,;), and lower oceans,
(Mo). The carbon cycle transition matrix can be written as

Mas(t + 1) o110 @21 O M, (t) bo,1 - E(t)
Mup(t+1)| = |12 P22 d32| [Mup(t)| + 0 ; (4.8)
Mo (t + 1) 0 s ¢33] | Mi(?) 0
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where the coefficients ¢y, ; represents the rate of carbon diffusion from % to j, with k,j taking
the values 0 (the industry), 1 (the atmosphere), 2 (upper ocean and the biosphere) and 3
(lower ocean).

The relationship between greenhouse gases (GHGs) and global warming can be explained in
terms of radiative forcing by

Mas(2)

Ri(t) =7 - log, <m

) + Rfw (1), (4.9)

where Rfe (t) represents the radiative forcing caused by non-CO, greenhouse gases, and 7 is
a radiative forcing parameter. Therefore, the first term on the right-hand side of Equation
4.9 refers to the radiative forcings caused by the atmospheric concentrations of CO,, while
the second term accounts for the exogenous radiative forcings from other greenhouse gases.
Finally, the temperature dynamics resulting from radiative forcing evolve in accordance with
the equation

Eaat R e R

where T, (t) represents the average ocean temperature increase above the pre-industrial
level, & represents the heating generated by radiative forcing, and & denotes the rate of
cooling due to infrared radiation to space. Denoting &3 as the equilibrium climate sensitivity
(ECS), & can be computed as & - & The coefficients ¢y and g refer to the rate of heat

diffuses or spreads from the atmosphere to ocean and vice versa, respectively 2.

4.3 Regional Share Socioeconomic Pathways

The SSPs consist of five parsimonious narratives describing key drivers of future socioeco-
nomic developments in the context of climate change [135]. The simplified nature of these
narratives arises from the need to encompass a wide range of possible future scenarios into
a few categories, facilitating the integration of projections by integrated assessment mod-
elers and helping the impact, adaptation, and vulnerability (IAV) research communities .

2Note that rewriting Equation 4.10 as: Taq(t+1) = Tag(t) — (Tas(t) — Toc(t)) - 2.1 — Ea - Tar (t) + &1 - RE(E),
and Toe(t + 1) = Toc(t) + (Tae(t) — Toc(t)) - ¢1,2, the diffusion coefficients, ¢; ;, can be interpreted as the
rates at which temperatures at strata ¢ and j equilibrate. Since Tat(t) > Toc(t), the atmosphere cools while
the ocean warms.

3In climate research, three main types of models and approaches can be identified: integrated assessment
models, climate models, and impact, adaptation, and vulnerability analyses [163]. Integrated assessment
models describe the interactions between key societal and environmental factors that contribute to climate
change and its effects. Climate models, on the other hand, are numerical representations of natural systems
that illustrate climate changes caused by both natural and human-induced factors. While climate models can
be quite complex, many integrated assessment models include simplified representations that help explain
the intricate processes within the atmosphere-ocean system. Finally, impact, adaptation, and vulnerability
analyses are methods used to qualitatively or quantitatively describe the effects of climate change on societal
resources and systems, including food production, health, and infrastructure. These approaches provide
insights into the risks and opportunities posed by climate change, as well as measures to assess the impacts
and effectiveness of response strategies. [163]
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Accordingly, by first establishing plausible socioeconomic conditions, integrated assessment
models (IAM) and TAV models can then create compatible trajectories for key variables
such as carbon emissions, temperatures, and mortality rates, among others. The backward
logic behind this scenario construction is therefore intended to encourage consistent projec-
tions across various disciplines studying the effects of climate change and potential policy
responses [135, 176, 175, 209].

The process of creating the SSP scenarios has involved two global stages [175]. In the first
stage, expert knowledge was gathered to create both qualitative and quantitative narratives
that describe the key drivers of plausible socioeconomic futures. This information was col-
lected and summarized in tables by O’Neill et al. (2017) [176]. An excerpt from these tables
is presented in Table 4.1. The second stage involved creating plausible numerical trajectories
that align with these narratives. During this process, a set of quantitative drivers for each
SSP was established using various quantitative methods. These drivers include projections
for GDP, population, education levels among adults, and urbanization. In this paper, as
well as in numerous other analyses, these drivers have been utilized as inputs for IAMs to
produce quantitative projections on various variables of interest, such as developments in the
energy system, land use, and carbon emissions. In particular, since GDP, population, and
carbon emissions function are input or output variables for the DICE and RICE models, we
will use these variables to align with the SSP narratives. While carbon emissions are not a
numerical driver of the SSP baseline scenarios, the carbon emissions utilized in this paper
come from numerical trajectories available in the SSP Public Database, which are catego-
rized as “mitigation” scenarios. This classification follows the logic applied in constructing
these scenarios, where different IAMs were utilized to target three primary radiative forcing
levels: 6.0, 4.5, and 2.6 watts per square meter (Wm™?). Since we will utilize both types of
variables to align with the SSPs, we will refer to them interchangeably as numerical drivers
of the SSPs. The numerical drivers for each RICE region are presented in Figures 4.2 to
4.4. Additionally, because mortality is an important input when considering a social security
module [82], we will include an additional driver related to regional mortality for each SSP
(see Section 4.4.2.1).

By construction, each SSP addresses different levels of adaptation and mitigation based
on the challenges societies may face in the absence of climate change policies [135, 176,
175]. Mitigation challenges focus on the availability of resources and strategies for reducing
greenhouse gas emissions, while adaptation challenges pertain to the resources and strategies
needed to address potential adverse effects of climate change. However, the definition of these
challenges is more qualitative than quantitative. Generally, socio-economic pathways that
assume high emissions and poor conditions for effective emission reduction actions pose the
greatest challenges for mitigation. Conversely, pathways that suggest high vulnerability and
limited adaptation opportunities represent the most significant challenges for adaptation.
Since the SSPs were created to be compatible with different climate change targets, their
definitions of these challenges do not explicitly correspond to any specific level of climate
change [135]. In particular, we base our analysis on the three SSPs that highlight the highest,
middle ground, and lowest challenges for mitigation and adaptation, namely SSPs 1 to 3.
The intermediate narratives SSP4 and SSP5, which share some common conditions with the
SSP1 and SSP3 scenarios, are not considered.

The narratives under consideration can be summarized as follows:
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Component SSP1 SSP2 SSP3
High Fert. Low Fert. Rich OECD High Fert. Low Fert. Rich OECD High Fert. Low Fert. Rich OECD
Demographics:
Population growth Relatively low Medium High Low
Fertility Low Low Medium Medium High High Low
Mortality Low Medium High
Migration Medium Medium Low
Human development:
Education High Medium Low
Health investment High Medium Low
LICs MICs HICs LICs MICs HICs LICs MICs HICs
Economy and lifestyle:
Growth per capita High Medium Medium, uneven Slow

Moderate reduction across
and within countries

Reduced across and
within countries

Inequality High, mainly across countries

International trade Moderate Moderate Strongly constrained
Consumption Low growth in material Material-intensive Material-intensive
consumption consumption consumption
Technology:
Development Rapid Medium Slow
Carbon intensity Low Medium High in regions with
high fossil fuels reserves
Energy intensity Low High Uneven High
Environment and resources:
Environment Continued improvement Continued degradation Significant degradation
Policy Strict regulations Moderate success Low concern

on pollutants in implementation for environmental issues

Table 4.1: Extract from the summary table of SSPs components presented in O’Neill et al. (2017) [176].
Note: the country groupings utilized in the demographic components are based on fertility levels according
to the classification presented in KC and Lutz (2017) [127]. For the rest of the components, countries are
grouped according to the World Bank definition of low-income (LICs), medium-income (MICs) and high-
income (HICs) countries [127]

— SSP1 - the lowest challenges for mitigation and adaptation:

The world is increasingly moving toward environmentally sustainable development. Grow-
ing concerns about the economic and societal costs of environmental degradation prompt
countries to prioritize human welfare over economic growth, with high-income countries
leading the way. This shift results in improved efficiency in energy and resource consump-
tion, thereby helping to reduce environmental damage. Increased investment in education
and healthcare contributes to lower fertility and mortality rates, which accelerates the de-
mographic transition. As a result, population growth occurs at a slower rate (see the left
panel of Figure 4.3). The emphasis on development goals leads to substantial economic
growth in developing countries (see the left panel of Figure 4.2), which gradually moderates
as attention shifts toward human welfare, equity, and sustainability. Additionally, this global
commitment to achieving development goals leads to a reduction in social inequality both
within and between countries. Ultimately, environmental protection and advancements in
clean technology substantially reduce carbon emissions in the atmosphere (see the left panel
of Figure 4.4). Overall, this scenario presents the least challenges for mitigation, largely
due to a positive outlook on renewable energy access, backed by institutions that encour-
age international cooperation. Moreover, the emphasis on development goals results in few
obstacles for adaptation.
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— SSP2 - the middle ground challenges for mitigation and adaptation:

This scenario describes minimal efforts to reduce greenhouse gas emissions, as the world
continues along its current socioeconomic path. Economic growth varies by country: high-
income nations experience moderate growth, emerging economies undergo rapid growth but
slow down as they mature, while some low-income countries achieve significant economic
development (see the middle panel of Figure 4.2). Progress in reaching development goals,
such as access to education and healthcare, is slow, leading to persistently high population
growth, especially in low-income countries. Generally, population growth is higher in low-
income countries, slower in middle-income countries, and negative in developed countries
(see the middle panel of Figure 4.3). The use of fossil fuels is gradually declining, but this
decrease is slow and is accompanied by rising energy demand and continued reliance on un-
conventional fossil sources. Consequently, carbon emissions and environmental degradation
persist, particularly in low-income countries (see the middle panel of Figure 4.4). Overall,
the challenges of mitigating climate change are moderate. This is mainly due to the ongoing
dependence on fossil fuels, moderate progress in technological advancements in the energy
and agricultural sectors, and relatively weak global cooperation on climate goals. Challenges
to adaptation are also moderate, stemming from slow progress in achieving developmental
goals. This situation continues to reinforce inequality, exacerbates food and water insecurity
in low-income countries, and limits energy access for the poorest communities.

— SSPS& - the highest challenges for mitigation and adaptation:

This scenario is marked by intensified regional rivalry, driven by a resurgence of nationalism,
increasing competitiveness, and ongoing regional conflicts. Policies in this context prioritize
domestic security, which restricts international trade, particularly in energy and agriculture
markets. Consequently, countries focus on ensuring food and energy security at the expense
of overall development. Low levels of international cooperation, combined with minimal
investment in technological advancement and societal well-being, hinder economic growth
(see the right panel of Figure 4.2) and disrupt the demographic transition. As a result,
population growth remains high, especially in developing countries (see the right panel of
Figure 4.3). Mortality rates significantly increase in these regions, largely due to preventable
diseases affecting children, such as undernutrition. In developed countries, economic un-
certainty leads to reduced fertility rates, which accelerates population aging. Additionally,
concerns about domestic security, coupled with a lack of international concern on climate
goals, extensive material consumption, slow progress in clean energy technology, and heavy
reliance on domestic fossil fuels, contribute to increased carbon emission intensity and envi-
ronmental degradation (see the right panel of Figure 4.4). Overall, this scenario presents the
greatest challenges for climate change mitigation, driven by high population growth, reliance
on domestic fossil fuels in certain regions, diminished international cooperation, and limited
technological development. Furthermore, relatively weak governance and insufficient institu-
tional efforts to address rising social issues, along with low investment in public well-being,
heighten population vulnerability, particularly among disadvantaged groups. As a result, this
scenario poses the most significant challenges for adapting to the effects of climate change.

For a more comprehensive description of the SSP narratives, including the SSP4 and SSP5,
please refer to O'Neill et al. (2017) [176].
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Figure 4.2: Projection of GDP under SSP 1-3. Source: Projections based on the IFs-IAM.
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Figure 4.3: Projection of population under SSP 1-3. Source: Projections based on the IFs-IAM.

4.4 RICE with a social security module: RICE-SS

Similar to how the DICE model was extended to incorporate a social security module in
the work of Fonseca and Arnold (2025) [82|, this paper extends the RICE-2011 model by
integrating regional social security modules. In our adaptation, we have included a social
security system in each region utilized by the RICE-2011 model, with the exception of AF
and OA, where social security coverage is currently quite limited. For these two regions,
we have maintained the regional configuration as outlined in the RICE-2011 model. The
social security system considered for each region assumes that working populations save for
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Figure 4.4: Projection of carbon emissions under SSP 1-3. Source: Projections based on the IFs-IAM and
the SSP Public Database (2018 release).

retirement through either a funded system, a pay-as-you-go system, or a combination of
both. In each region r, the contribution taxes for these financing systems are denoted as
0 < 74, <1 for the funded system and 0 < 7, < 1 for the pay-as-you-go system. We assume
that contributing to the pension system is mandatory for both financing systems.

In each region, pension benefits can be based on one of two common schemes: defined benefits
(DB) or defined contributions (DC). In a DB scheme, benefits are calculated as a percentage
7, of the last wage earned before retirement. In contrast, a DC scheme determines benefits
based on the total contributions accumulated at a given interest rate, ensuring that the
benefits are actuarially fair. The contribution taxes are determined through an agreement
among current and future generations in each region to enhance regional social welfare *.
When welfare is defined in terms of consumption preferences, contribution rates are set to
optimize regional consumption while ensuring long-term sustainability [82].

4In the RICE-2011 model, solutions on consumption and emission reductions typically involve either co-
operative or non-cooperative decision-making frameworks among regions. However, we will simplify these
approaches by assuming that each region follows specific pathways for GDP and carbon emissions intensity,
as outlined by the SSPs. This approach allows us to assess the climate damage for each region in advance
based on the narratives provided by the SSPs. Additionally, this allows us to assess the trade-off between
consumption and emission reduction values in a region, independently of decisions by other regions. Specif-
ically, in each region, the costs of climate change are shared across generations, independent of how other
regions address this through their social security systems.
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4.4.1 Regional macroeconomic landscape in social security decision-
making

Consumption preferences of social security members in region r can be described using the

power utility function:
c(t)t=or — 1
(e(t) = ———— |, 4.11
(et = (=) (4.11)

where ¢(t) denotes the total per capita consumption at time ¢, and «, can be interpreted as
the level of generational inequality aversion in region r [172] °.

In considering a social security system, we assume that the consumption preferences of
workers (w) and retirees (ret) are accounted for separately. Therefore, the social welfare
function for region r can be expressed as

U= o () st oy

where t = to + h - (j — 1), and for region r: ¢, is the pure social welfare discount rate,
lw:(t) is the total working population, ., (t) is the total retired population, Cy ,(¢) is the
total consumption of the working population, and Cie . (t) is the total consumption of the
retired population. Additionally, childhood consumption is assumed as part of the overall
consumption of workers and retirees. Accordingly, regional social welfare is defined as the
discounted sum of per capita consumption utilities, weighted by the total population of
workers and retirees.

In terms of economic production, this is represented by Equation 4.6. The working popula-
tion contributes to the economy by providing their labor force, L, and paying contribution
taxes based on their wages. Meanwhile, the retired population contributes through the pro-
ductive capital they accumulated during their working years. It is important to note, as
outlined in Equations 4.2 and 4.6, that capital serves as a production input that grows over
time due to capital investment. This input is not directly consumable; instead, it enables the
economy to expand and produce goods and services that can be consumed by their owners.
Additionally, through the productive process, additional capital can be generated, enhanc-
ing the total capital available for future production. Consequently, productive capital can
originate from two sources: the funded part of the social security system and from other
forms of capital investments.

In the Cobb-Douglas production function, denoting W,(¢) as the total wages of all workers
in region r at time ¢, this can be defined as follows:

aYvnet,r (t)
Oly (1)

The return on capital, on the other hand, is given by

W, (t) = Awr(t) = (L= %) - Yoet s (2)- (4.13)

®Note that the parameter o, represents the elasticity of marginal utility in relation to consumption. This
means that —c - u/(c)/ul(c) = a,. In simpler terms, «, indicates how the additional welfare (or marginal
utility) derived from consumption changes as the amount consumed varies. In the context of social welfare,
this parameter helps determine the extent to which society prefers not to consume more at the expense of
future generations, as well as how much it is opposed to consuming less than those future generations.
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8Ynet,r (t>
0K, (%)
In light of these ideas, we assume that the social security system operates within the following
resource constraints

K (1) = Yaerr(t) — Wal2). (4.14)

Yaera(t) = Conat) + Crenat) + S:(8), (4.15)
with

Cw:(t)=(1— Tir — Tpr) - Wi(t), (4.16)

Creer(£) = (Yaoun(t) — Wi(£) - (1 _ 1{1}?) WD), (4.17)

Sr(t) = (Ynet,r(t) - Wr(t)) ’ ( Ig:(g)) + Trre Wr<t); (418)

where wi‘vyr(t) represents the accrued rights of workers to capital in region r, which can be
defined as follows:

Tret—1 T— mo

)= et 3 3 ] (419)

r=x9 2=0

In this equation (., denotes the minimum regulatory discount rate utilized for calculating
the accrued rights of workers in the region r. For simplicity, we assume that this value
is uniform across all regions and remains the same regardless of whether contributions are
allocated to the pay-as-you-go system or the funded system.

The ratio wﬁv:it) in Equations 4.17 and 4.18 has two important implications. First, it es-
tablishes the limits on the rights retirees have regarding the consumption of the return on
capital, expressed as Yper(t) — Wy () (see Equation 4.17). Second, by defining these limits,
it also specifies the portion of the return on capital that should be saved by the social secu-
rity system to fulfill its future obligations to workers. These savings, along with the funded
contributions, represent the wealth accumulated by the social security system, denoted as
S:(t) (see Equation 4.18).

In Equation 4.16, the consumption of workers is determined by their income from wages after
they have contributed to both the funded and pay-as-you-go systems. The contributions
made to the pay-as-you-go system are then used to support the consumption of current
retirees, as shown in Equation 4.17.

Finally, we can rewrite Equation 4.2 as follows:

L (t—h)=S.(t—h)
Ke(t) = (1= 0.0)" Kot — 1) + h“(Yoees(t — h) — Cour(t — h) — Crers(t — B)),

(4.20)

where 0k , is the depreciation rate of capital stock, and h is the time-step of calculation.

As outlined in equations 4.16 to 4.19, both the consumption and savings of social security
members are determined by the contribution rates defined by the pension scheme. These con-
tributions are naturally influenced by how the benefits of the pension scheme are structured.
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Consequently, in the following sections, we will outline the actuarial representation of defined
contribution (DC) and defined benefit (DB) schemes, based on the structure proposed in the
DICE-SS model [82].

4.4.2 Actuarial considerations in social security decision-making

Considering the regional macroeconomic landscape of consumption and savings described in
Sections 4.2 and 4.4.1, this section outlines actuarial considerations regarding the definition
of social security retirement schemes in the context of climate change. These considerations
draw on the DICE model representation from Fonseca and Arnold (2025) [82] and assess
the regional effects of mortality, population, carbon emissions, and economic growth on
intergenerational transfers.

4.4.2.1 Mortality projections

We conduct our analysis using mortality estimates by region according to the SSP scenarios.
These mortality projections were generated through the International Futures (IFs) model
developed by Hughes (2019) [110]. This model generates mortality estimates using a two-
stage global procedure. In the first stage, it projects mortality by analysing the relationship
between causes of death and key socioeconomic variables, such as economic development, ed-
ucation, and technological progress. To do this, the IFs model heavily relies on the mortality
regression framework developed by Mathers and Loncar (2006) [157|, which links mortality
rates — segmented by age, sex, cause, and country categories — to the selected socioeconomic
factors [158, 157|. Because this initial approach accounts for long-term structural changes
in mortality, the variables involved are referred to as distal factors. In the second stage,
the model incorporates shorter-term variations by considering seven proximate risk factors.
These factors include child undernutrition, obesity, smoking, exposure to unsafe water and
poor sanitation, urban air pollution, indoor air pollution, and road traffic accidents. The
goal of this stage is to refine the initial regression estimates by adjusting mortality rates
based on these short term effects. By integrating these two types of risk factors, the model
aims to provide a streamlined approach, avoiding the use of an exhaustive list of proximate
risk factors. Instead, it primarily explains most mortality through a distal representation
while making necessary adjustments based on the selected proximate drivers. Ultimately,
mortality projections at both distal and proximate levels are derived by connecting historical
risk levels associated with each factor to scenario trajectories of those factors in accordance
with the SSP narratives. For additional information, please consult Hughes (2019) [110].
The mortality projections were generated for the period from 2019 to 2100 for SSPs 1-3. For
years beyond this period, we assumed that mortality rates would remain constant. Since
these mortality estimates are provided in five-year age intervals, we converted them into one-
year age intervals using cubic splines, as outlined in the Methods Protocol for the Human
Mortality Database [230]. We then calculated the death probabilities as

_ m:lj
1+ (1 —ay)-my

Gz x =25,....,99. (4.21)

where x is the age of a social security member, m, is the central mortality rate, and a,
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Figure 4.5: Life expectancy by region according to the SSP 1-3 across the 21st century. Source: Projections
based on the IFs-IAM.

denotes the average number of years lived within a one-year age interval. Since the IFs
model provides estimates of the number of deaths, in order to derive the probability ¢, the
values of m, were approximated by taking the ratio of the average number of deaths at age
x over three-year intervals to the average total population of age x during the same period.
Additionally, we assumed that a, = 1/2.

As previously mentioned, mortality rates are a crucial factor in integrating the SSPs into
a RICE model that includes a social security module. Figure 4.5 illustrates the estimates
of life expectancies at age 25 for each scenario throughout the century. From this figure,
consistent with the narrative description, mortality levels tend to be higher for the SSP3 and
lower as the SSP becomes more optimistic. Considerable regional variations are also evident,
with the most notable increases in mortality levels occurring in developing countries under
SSP2 and SSP3. In contrast, SSP1 shows a rapid decline in mortality rates, especially in
developed countries.

4.4.2.2 Pension schemes

There are two main types of pension schemes worldwide: defined benefit (DB) schemes and
defined contribution (DC) schemes. In DB schemes, the level of benefits is predetermined
based on factors such as the number of years of contributions and the average wage income.
In contrast, DC schemes provide benefits that are determined based on actuarial fairness and
are reliant on the total contributions made, along with investment gains or losses. Although
most of public pension systems are set on the basis of DB schemes, there are some countries
that have set DC or some variations of it, such as Notional Defined Contributions (NDC)
or hybrids between the DC and DB schemes. Figure 4.6 illustrates the positioning of DB
and DC schemes worldwide. The top panel of Figure 4.6 displays pure DB schemes, while
the bottom panel features mandatory systems that include a DC component, though not
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necessarily exclusively.

One important regional variation in DB schemes may stem from the formulas used to cal-
culate retirement benefits. For example, in certain countries, these formulas might consider
additional factors beyond just years of service and salary, such as marital status and the
number of children. However, we have left the examination of these specifics to readers
who wish to focus on assessing particular regions or countries. For simplicity, we assumed a
general formula that only considers the number of years worked, retirement age, and salary.
Specifically, we base our definition of the pension schemes on the setting outlined in Fonseca
and Arnold (2025) [82]. Consequently, we assume that all workers begin their active period
at the same age and earn the same average wage throughout their careers. Additionally, we
consider that the active employment period is only interrupted in the event of death.

The formula for calculating annual benefits in a DB scheme can be expressed as 7, - w,(t).
In this formula, 7, , represents a regulatory replacement ratio in region r, while w,(¢;) denotes
the final per-capita wage income earned by a generation reaching retirement at time ¢, in the
same region. In this context, we define the active period as the ages from x( to x._1, and
the retirement period as the ages from z,¢ to the maximum survival age z,. Additionally,
we refer to a generation of age x at time t as x(t).

In a DC scheme, the annual per-capita retirement benefit of generation xyei(t — = + Zyet),
denoted as p,(t — = + zy), can be calculated by solving the equality

Tret —T0
pr(t -+ xret) : dxret,r(t —x+ xret) = (Tp,r + 7—f,r) ’ Z Wr(t — X+ Tyet — Z) : eCc,rz,
z=0

(4.22)
for all + = @y, ..., T, Where (., is a discount rate on contribution savings. The factor
Gy (t) represents the mathematical expectation in region r of the present value of future
payments of one unit at the beginning of each age from x to the random age of death (see
Bowers (1997) [30]). This factor is computed using a discount rate on benefits, (,,. As
mentioned earlier, we have assumed that (., is consistent across all regions and remains the
same whether contributions are allocated to the pay-as-you-go system or the funded system.
This assumption also applies to ¢, .. Future extensions of the model discussed in this paper
can incorporate different rates tailored to specific pension schemes and regions.
Under this configuration, the actuarial present value of the total benefits for both active
individuals and retired generations alive at time ¢ can be computed as

Tret—1
Hg]? _Tbr { Z la:r Wr t+ Lret — x) *Tret —| CLLr(t)—l—

T=x0

o (4.23)
Z lacr * Wy t_x+$ret H Acr t_m+xret+j) dw,r(t)}a

T=Tret
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Figure 4.6: Average contribution rates by type pension scheme and country. Source: Data collection of the
International Social Security Association (ISSA) between the years 2018 and 2019.

and
Tret—1 T—x0
TRS(8) =(Tpr + 7r0) = D la(t) - Y wilt —2) - ™ + Z Lo (1)
T=x0 . Z=T—Tret—_1 T=Tret (424)

pr(t— -T_xret H A t—$+l’ret+]) dw,r(t)a

for DB and DC schemes, respectively. In these equations, [,.(¢) represents the population
size for a given generation x(t), while , ., d,,(t) denotes the expected value at time ¢ of a
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payment series of one monetary unit that will be made at the beginning of the year for an
individual of age x, starting from age ¢ (see Bowers (1997) [30]). It is important to note
that Equations 4.23 and 4.24 provide the full (projected) pension rights of active workers at
time t, along with the actuarial present value of future pensions for current retirees. This
value will be utilized to determine the total accrued benefit rights of members by subtracting
the actuarial present value of future contributions.

Finally, the factors APP(-) in Equation 4.23 and ADF(-) in Equation 4.24, are used to compute
the real value ¢ of pension benefits depending on the optimal consumption Cret,r(+). These
values can be computed as

Cret r(t
ch(t) = Te = ( >x Tret DB . (4'25)
Tor D ae ey b (1) - Wit — 2+ @pet) - [[[Z7™ APB(t — & + 2oy — 1+ )
and
Cret,r
BSQ) - Tw . (ﬂi)wret DC -\ (4'26)
Zx:zret lCL“,I"(t) ’ pr<t — T+ wret) H A ( — T+ Ty — 1+ j)
Therefore, these factors can be seen as adjustments in purchasing power 7. Furthermore,

since Cret (1) is directly associated to the financing system (pay-as-you-go, funded, or both)
through Equations 4.15 to 4.18, these factors determine the real returns from each system
[82].

The contributions paid by the worker generations xo(t), ..., Tret—1(t), may vary over time
depending on the evolution of future wage incomes. Therefore, total future contributions of
current workers is given by

Tret—1 Tret—1—T
Ope(t) = (Tpr + 7p) - > Lon(t) - Y walt + k) - e P(Ky(x,t) > k). (4.27)
Tr=x0 k=0

where Ky(x,t) is a discrete random variable representing the number of complete years lived
until death by z(t), while P,(-) represents its probability function according to conditions in
region r ®

Finally, in each region, the social planner responsible for the social security system calculates
the accrued benefits of all members who are alive at time t. This calculation is done by
subtracting the actuarial present value of contributions from the projected actuarial present
value of benefits. Formally, this can be expressed as follows:

Vr(t) = HB,T(t) - HP,r(t)7 (428)

6Note that we impose equality between pension amount and consumption (i.e. retirees consume their
entire pension). Hence, any differences between pensions and required consumption can be interpreted as
changes in purchasing power. As a result, APB(.) and ADY(.) represent periodic adjustments for inflation
on pension benefits.

"Note that since we assume that workers’ consumption equals their wage income after saving, we also
assume that wages keep pace with inflation.

8These probability values were organized into life tables to compute the actuarial present values in Equa-
tions 4.22, 4.23, 4.24, and 4.27.
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where IIg(t) can refer to either TIR%(t) or TIFS(¢).

The social planner is assumed to be an agent responsible for ensuring that the system
always maintains the productive capital necessary to meet the accrued rights of its current
members. As a result, its long-term decision-making process is constrained by the condition

Vi(t) < Ki(t).

4.4.3 Decision problem and maximization algorithm

Assuming that all regions adhere to a specific SSP, where carbon emissions, GDP, mortal-
ity rates, and population trajectories are predetermined, the dependence between regions
regarding their carbon emissions and mitigation costs are already established and do not
need to be optimized. This is particularly relevant because we are not pursuing a cooper-
ative solution among regions to determine optimal contribution rates and pension benefits.
Instead, our focus is on a non-cooperative solution, which emphasizes optimal consumption
within each region while constraining their emission policies based on the decisions made by
other regions. Since the GDP and carbon emissions are predetermined by the SSP 9, optimal
decisions concerning technological carbon abatement rates (i.e., u.(t)) 1°, and social security
contributions can be made independently for each region. These values can be determined by
maximizing the regional social welfare function, as described by Equation 4.12. Therefore,
for each region, we solve the optimal control problem:

Ti:l {u (cw,r(t) + Cres (1)

T lW,r (t) + lret,r (t)

Hr (]) sTp,esTf,r j

) (le () + Lo (£)) } e Umhh (4.29)
=1
subjet to: V. (t) — K.(t) <0,

0<(j) <1,

0 <7, <04, (4.30)

0< 7, <04,

0< 74, + 7 <04
where t =tg+h-(j—1),for j=1,..,T+ 1.
As initial conditions at time tg, all retirees achieve a 60% of the current per-capita wage in-
come, w(ty). The accrued rights on capital of all worker are calculated based on the actuarial
present value of an annuity benefit contract that provides at retirement a replacement ratio

of 60% of the current per-capita wage income. After g, the total accrued rights on capital are
calculated based on the flow of contributions and benefits of the respective pension scheme.

4.5 Methodology and data specifications

To align the RICE projections with the narratives of the SSPs, we use several quantitative
drivers. These include projections for GDP, industrial carbon emissions, carbon prices, mor-

%Tf there is any cooperative social tendency between regions, this would be included in the SSP narrative.

ONote that carbon emissions are influenced by u.(t) as well as by consumption decisions. Therefore,
even when carbon emissions are determined by the SSP, the trade-off between technological progress and
consumption must be optimized in each region.
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tality rates, and population estimates, all grouped by region. The projections for carbon
emissions and carbon policy prices by SSP and region were sourced from the SSP Public
Database. Regional projections for GDP, mortality, and population for each SSP were ob-
tained from the IFs Public Platform. All of these projections span the period from 2019
to 2100. Using these data sources and following the methodology outlined by Fonseca and
Arnold (2025) [82], we estimated total factor productivity (TEFP), carbon intensities, and
mitigation costs for each region separately.
To summarize, the TFP values were projected for each region until the end of the century
by adapting the methodology outlined by Yang et al. (2018) [235]. Regional carbon inten-
sities, oggp,(t), were calculated as the ratio of projected carbon emissions to GDP. Finally,
mitigation costs were estimated using log-linear regressions of the form:

A= Bor -y, r=1,..,10. (4.31)
The values of i, for each SSP were calculated as the percentage reduction in carbon emissions
over the century for various mitigation targets or “mitigation” scenarios (see Section 4.3),
compared to the carbon emissions in the same SSP without mitigation targets (baseline
scenarios). In our estimation, we used the projected carbon emissions under the mitigation
targets outlined by the Representative Concentration Pathways (RCPs) 1.9, 2.6, 3.4, 4.5,
and 6.0 *. The mitigation costs, A, were calculated by determining the value of the carbon
emissions that were avoided under each RCP scenario. This was done by multiplying the
expected reductions in carbon emissions by the corresponding carbon policy price. Finally,
these mitigation cost values were expressed as a percentage of GDP.
The data needed for these calculations were available for five regional groupings: OECD EU
member states and candidate countries (OECD), countries from the Reforming Economies
of Eastern Europe and the Former Soviet Union (REF), Asian countries, excluding those
from the Middle East, Japan, and the Former Soviet Union (ASIA), countries located in the
Middle East and Africa (MAF), and countries in Latin America and the Caribbean (LAM).
A description of these regions is provided in Appendix B.3. The estimations were then
associated to the corresponding regions in the RICE model. The estimated values for A,
and g, with r = 1,...,5, are displayed in Figure 4.7. A summary of the regression results
can be found in Appendix B.1.
To define the time trajectories of . (t) over the century and afterwards, we utilize the as-
sumptions regarding backstop technology costs and 65, as outlined in Barrage and Nordhaus
(2024) [20]. For all regions, the initial backstop technology cost per ton of CO, is set at
U, (2019) = $695. This cost decreases annually, starting at a rate of gy, = 1% until 2050,
and subsequently at a rate of 0.1% after that. It is also assumed that 6, = 2.6 for all
regions. Using these inputs, the trajectory of u,(t) can be derived from Equations 4.4, 4.5,

1Tt is important to note that, given the specific socioeconomic conditions highlighted by each SSP scenario,
not all radiative forcing targets set by the RCPs are attainable [200, 228]. We considered the RCPs 1.9,
2.6, 3.4, 4.5, and 6.0 for estimating mitigation costs. However, for the SSP3 scenario, the radiative forcing
targets of 1.9 and 2.6 are unattainable. In the case of the SSP1 scenario, the radiative forcing target of 6.0 is
inconsistent with its conditions. For each consistent combination of SSPs and RCPs scenarios, we calculate
the difference in carbon emissions compared to the corresponding SSP without a mitigation target. All of
these values were used as u, in the regression described in Equation 4.31.


https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
https://www.ifs.du.edu/ifs/frm_MainMenu.aspx
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Figure 4.7: Estimated mitigation costs according to SSP 1-3. Source: Projections of GDP, carbon prices
and carbon emissions from the SSP Public Database (2018 release) [200].

and 4.31, as

1

1000 - 65, ) 02.r
T t - Ar N : . (432)
talt) ( . (to) - (1 — gw,)t "% - ossp, (1)

To calculate the TFP and carbon intensity for the years after 2100, we use their definitions

according to the DICE model and establish regression models based on the projections
obtained until 2100 [82, 170, 172|. Therefore, we fitted the regressions:

ga,r(to) 3 (i
Ln ( 0 ) =dar - (5 — 1), (4.33)

where g, (1) =1 —A.(t)/Ac(t +h), with j =1,,17, and t = to +h - (j — 1).
For the carbon intensities, we fitted the regressions:

r ‘ 1) — r - . I

Lo (_JSSR (j+1) .USSP, (])) _1In (_gar(l)) =4 -Ln (1 + da,r> . (4.34)
osspy(J) ’

where g, (1) = (ossp(to + h)/osspr(to)) —1,j=1,,17, and t =to +h-(j —1).

Accordingly, the regression parameters d,, and d,, represent the estimated rates of decline

in productivity growth and decarbonization, respectively. These estimates are then used to

calculate A,(t) and oggp, () for ¢t > 2100.
Finally, the population in each region according to each SSP scenario, Lgsp (t), was projected
using a logistic growth model of the form

Ky - Lo, - €8 (t710)

K+ Lo, - (et — 1)’

Lssp () = (4.35)


https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10
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where Lo, represents the initial population in region r, while the parameters g; and k,
indicate the intrinsic growth rate and the carrying capacity '2, respectively.

4.6 Results

4.6.1 Social costs of carbon under different pension schemes

The Social costs of carbon (SCC) indicates the economic damages associated with a marginal
increase in CO4 emissions in the atmosphere. Formally, it can be expressed as:

_ OU*/OE*(j)
U /oC ()
where C* and E* represent the optimal values of aggregate consumption and carbon emis-
sions, respectively, obtained by solving the OCP defined by equations 4.29 and 4.30. The

maximum social welfare achieved from this OCP is denoted by U*.
An expression for the SCC for workers and retirees can be obtained as

SCC()) (4.36)

. ~ 01CL0) + G0 4 .
SCC(i) = 1000 - ; () -6 = SCC, (i) + SCC,.(4). (4.37)
We applied the method based on the discounted damage stream, as described by Braun et al.
(2024) [32], to approximate the value of the SCC. For more details, please refer to Fonseca
and Arnold (2025b) [82].

The estimates of the SCC for workers and retirees for each region and SSP are displayed
in Figures 4.8 and 4.9. Consistent with global projections from the DICE-SS model [82],
retirees are expected to be particularly impacted by the rising costs associated with each
additional ton of carbon emitted into the atmosphere. This disparity may arise from the
combined effects of an aging population and damages caused by climate change. On the one
hand, a decrease in the labor force could benefit workers by increasing their wages, which
might help offset some of the losses resulting from climate change. On the other hand, for
retirees the situation is more challenging. The decline in the working population reduces
the number of contributors to pay-as-you-go systems and decreases productivity per unit of
capital in funded systems. This scenario, compounded by losses linked to climate change,
poses significant risks for retirees. In Section 4.6.3, we will further discuss these trends on
the SSC, considering their differences by region and pension scheme.

12Carrying capacity refers to the maximum number of individuals that an environment can support. At
this point, the population stabilizes, and the growth rate approaches zero.
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Figure 4.8: Social cost of carbon for workers under DB and DC schemes for the SSP1-3 (USD per ton of
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Figure 4.9: Social cost of carbon for retirees under DB and DC schemes for the SSP1-3 (USD per ton of
COy).

4.6.2 Optimal decisions in social security

The contribution rates that solves the OCP presented in equations 4.29 and 4.30 are shown
in Table 4.2. These rates are categorized by region and for SSP scenarios 1 to 3. In general,
the optimistic scenario represented by SSP1 tends to indicate that in most of the regions pure
pay-as-you-go systems are optimal for financing DB schemes, while pure funded systems are
preferred for DC schemes. However, as the socio-economic pathways become less favorable,
as seen in SSP2 and SSP3, this tendency begin to change. Some regions shift from pay-
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as-you-go systems to funded systems for financing DB schemes in SSP2, while there is a
tendency to adopt a combination of both systems for DC schemes in SSP3.

SSP1 [ SSP2 [ SSP3
DB \ DC \ DB \ DC \ DB \ DC
Region PAYGO Funded | PAYGO Funded | PAYGO Funded | PAYGO Funded | PAYGO Funded | PAYGO Funded
US 0.00 0.13 0.01 0.10 0.11 0.00 0.00 0.06 0.08 0.00 0.02 0.04
EU 0.17 0.00 0.00 0.12 0.00 0.23 0.00 0.23 0.24 0.00 0.05 0.06
JN 0.14 0.00 0.04 0.10 0.14 0.00 0.00 0.04 0.11 0.00 0.01 0.02
RS 0.26 0.00 0.04 0.11 0.00 0.16 0.00 0.35 0.06 0.00 0.15 0.11
EUR 0.27 0.00 0.03 0.32 0.11 0.12 0.01 0.27 0.09 0.00 0.01 0.07
CN 0.00 0.26 0.00 0.12 0.21 0.00 0.04 0.09 0.11 0.00 0.08 0.03
IN 0.20 0.00 0.00 0.09 0.39 0.00 0.01 0.14 0.16 0.00 0.04 0.01
ME 0.30 0.00 0.02 0.18 0.00 0.18 0.00 0.18 0.11 0.00 0.04 0.03
LA 0.19 0.00 0.00 0.29 0.00 0.20 0.00 0.15 0.08 0.01 0.04 0.03
OHI 0.20 0.00 0.00 0.09 0.17 0.00 0.00 0.13 0.18 0.00 0.04 0.16

Table 4.2: Optimal contribution rates for DB and DC schemes financed through pay-as-you-go (PAYGO)
and funded systems under SSP1-3. Note: warmer colors indicate higher contribution rates.

In Figure 4.10, we compare the total contribution rates (7747,) across all regions for DB and
DC schemes. This figure also highlights the scheme that provides the highest optimal social
welfare. Consistent with the global findings obtained with the DICE-SS [82], DB schemes are
generally more optimal in scenarios influenced by climate change (SSP1-3). Additionally, the
total contribution rates tend to be lower when scenarios are less environmentally sustainable,
especially in the SSP3. However, it is important to note some regional variations that may
not only be related to direct climate damage. For instance, regions such as IN and RS show
significantly higher contribution rates in the intermediate scenario SSP2 compared to SSP1.
Although the reasons for these variations are not immediately clear, this highlights the need
to consider the interaction of various socio-economic factors, including changes in population
growth and the level of development in each region. We will address this interactions in the
next section.

From Figure 4.10 and Table 4.2, we can also see that in regions where DC schemes are
preferable (i.e., with higher social welfare), the contribution rates for these schemes are
lower than those for DB schemes. Conversely, in regions where DB schemes are preferred,
the total contribution rates are often higher than those for DC schemes. This reflects the
intrinsic nature of DB schemes, which tend to provide more support for retirees, while DC
schemes often alleviate workers from additional burdens. Ultimately, the optimal balance
between these two approaches is determined by the efficient allocation of resources over time,
which we will discuss further below.

Up to this point, the analysis of contribution rates has provided some insightful observations.
One key finding is is the marked lower contribution rates within the SSP3 scenario. This
suggests that the incentive to delay consumption during the working phase may be dimin-
ished, making immediate consumption seem more appealing. This shift poses a significant
risk to the sustainability of pension systems, as they largely depend on the generational
transfer framework inherent in pure pay-as-you-go systems or their mixture with funded
systems. However, although the differences in contribution rates between SSP1 and SSP2
may also be related to changes in incentives for participation in the social security system in
some regions, in others, the reasons for these differences could be more complex and require
a closer examination of the trajectories of benefits and returns. To address this, the next
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Figure 4.10: Optimal social security contributions rates for the SSP1-3. Note: The red line represents the
pension scheme that offers the highest social welfare. In regions where contribution rates are similar, making
it difficult to visually identify the best pension scheme, DB schemes are the superior option. The regions
featuring this characteristic are JN in SSP1, ME and EU in SSP2, and US, CN, and OHI in SSP3.

section will comprehensively analyze the various components of the narratives associated
with social security systems under each SSP.
4.6.2.1 Internal rate of returns

The internal rate of return [59, 131, 212, 208| for the entire lifespan of members can be
computed by solving for the rate r(t) in the equality

Tret—1—T0

> (T + Tpr) et 2) > belt+ T — 20 +2) _ ) (4.38)
z=0 (1 + T(t))z =0 (1 + r(t))%m—zo-f—z

where b,(t) is the periodic benefit provided by the pension scheme at a time t in region r.
The estimated internal rate of returns for each region and SSP are presented in Figures 4.11
to 4.13.

The analysis of these figures will be presented in the following section, along with our other
results. However, we would like to emphasize some important points for the reader to
consider. Generally, we found a significant difference between DC and DB returns, with DC
schemes often financed by a funded system and typically offering higher returns. While the
Samuelson-Aaron decision rule |2, 204| suggests that a DC scheme is generally preferable, a
shift towards a selection rule that focuses on optimal social welfare, as illustrated in Figure
4.10, shows that DB schemes — usually financed through a pay-as-you-go system — are often
more favorable, despite commonly providing lower returns.
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Figure 4.11: Internal returns of DB and DC schemes under SSP1. Note: Each value on the lines represents
the internal returns for the entire lifespan of cohorts aged 25 years at the time indicated on the horizontal
azxis. This rate of return corresponds to the optimal mizture of pay-as-you-go and funded systems as described

in Table 4.2.
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Figure 4.12: Internal returns of DB and DC schemes under SSP2. Note: Each value on the lines represents
the internal returns for the entire lifespan of cohorts aged 25 years at the time indicated on the horizontal
azxis. This rate of return corresponds to the optimal mizture of pay-as-you-go and funded systems as described

in Table 4.2.
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Figure 4.13: Internal returns of DB and DC schemes under SSP3. Note: Each value on the lines represents
the internal returns for the entire lifespan of cohorts aged 25 years at the time indicated on the horizontal
azxis. This rate of return corresponds to the optimal mizture of pay-as-you-go and funded systems as described
in Table 4.2.

These results provide an important insight: higher returns do not necessarily indicate that a
pension system is preferable. This observation relates to a variation of the Social Insurance
Paradox proposed by Aaron. Specifically, while Aaron (1966) [2] argued that a funded
system can only improve welfare compared to pay-as-you-go systems if it offers an interest
rate higher than the combined growth rates of population and wages, our findings suggest
that a pay-as-you-go system can still be preferable even if the funded system has a higher
rate of return. This discrepancy in evaluating social security preferences may stem from
the lack of consideration of time preferences in consumption in Aaron’s original papers.
However, understanding these time preferences is crucial for effectively distributing benefits
and contributions, particularly in scenarios where significant generational inequality may
arise due to declining socioeconomic conditions, such as in the context of climate change.

4.6.3 Regional SSP narratives for social security

As highlighted by Fonseca and Arnold (2025b) [82], when consumption is constrained by
the available resources in a system with multiple coexisting generations, the Samuelson-
Aaron decision rule [2, 204] may not reliably determine the best pension system. This
primarily occurs because the distribution of consumption goods among workers and retirees
can be influenced by the availability of labor and capital resources necessary for production.
When one of these resources becomes scarce, the more abundant resource tends to be used
more intensively per unit of production, leading to a decrease in its value. As a result,
fluctuations in population and economic growth can impact wages and returns on pension
savings differently for each generation. Ultimately, a pension system that offers higher but
non-homogeneous returns over time can enhance the wealth of certain generations more
than others. This inequality can leave generations living in periods of less favourable socio-
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economic conditions more vulnerable to acquiring reduced rights to the wealth of the system.
Considering these former findings, regional differences in fertility rates, life expectancy, and
economic growth (see Table 4.1) can lead to varying fluctuations in pension values over time
and across generations.

In this section, we enhance the social security narratives initially developed using the DICE-
SS, by incorporating considerations of regional variations. Unlike the DICE-SS estimates,
which aggregate data from all regions — including AF and OA — the model presented in this
paper offers a more accurate portrayal of potential social security trajectories specific to each
region of interest. These narratives are based on our results concerning replacement ratios,
average wages, consumption, and rates of return, which are illustrated in Figures 4.14 to
4.29. In Table 4.3, we summarize the most relevant aspects of these results. An extended
explanation is presented below. To avoid unnecessary repetition of former results, please
refer to Fonseca and Arnold (2025b) [82] for more details that are not mentioned here.

- §SP1: a “green” demographic transition

In this scenario, sustainable economic growth is achieved by slowing down population growth
and increasing investment in human well-being rather than merely boosting consumption.
Since the rate of change in production and population varies based on the socio-economic
conditions of each region, these differing conditions result in unique characteristics within
their social security systems.

Three demographic patterns can be identified. Regions such as the EU, JN, and OHI are
projected to experience a rapid decline in the working population, reaching a level of 50% or
less of the total population between 2040 and 2060 (see Figure 4.14). In contrast, developing
regions such as RS, EUR, IN, ME, and LA which currently have a relatively high proportion
of working population, are expected to see a gradual decline, reaching the 50% mark by the
end of the century. Finally, the developed region of the US and the developing region of CN
exhibit an intermediate level of the working population and also anticipate a slow decline,
ultimately reaching around 50% by the end of the century. These patterns of decreased
working population lead to an increase of average wages as a result of increased demand for
labor to support the relatively high development framed in this scenario.

Regarding the climate damages associated with each ton of carbon emitted (see Figures 4.8
and 4.9), all DC schemes, except for those in the US and CN, impose a greater burden
on retirees’ consumption compared to DB schemes. This situation primarily arises from
the larger accumulation of retirement savings exposed to long-term climate damages in DC
schemes. Additionally, the savings that DC schemes accumulate in individual accounts can
strain the social security system, due to the liquidity constraints they may impose on long-
term investments. Furthermore, retirees in more favorable periods may consume returns on
capital early, thereby limiting resources that could be used to support long-term economic
growth. In contrast, DB schemes financed by pay-as-you-go systems are often preferred
because they prevent excessive capital accumulation in retirement accounts and can help
promote the sustainable economic growth framed by this scenario. Specifically, by employing
a pay-as-you-go system, pension liabilities are supported by well-compensated workers, while
the wealth of the system and returns are utilized for production. Since capital returns are
no longer saved in individual accounts but instead invested to reach the long-term economic
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growth required to meet the benefits commitments of the pay-as-you-go system, DB schemes
distribute potential climate-related losses more equitably among generations. In particular,
it tends to distribute part of the climate-related losses among workers by requiring a higher
contribution rate compared with the contribution rates required by optimal DC schemes (see
Table 4.2). Ultimately, DB schemes in these regions provide the most efficient allocation of
consumption across the century (see Figures 4.10 and 4.24). Finally, for the regions of US
and CN, climate losses are similar between the two pension schemes (see Figures 4.8 and
4.9). However, the funded system of their DC schemes provides higher returns, making them
more attractive than DB schemes (see Figure 4.11).

Although the distribution of climate-related losses among generations is improved by the
chosen optimal pension schemes in each region, both DB and DC schemes may struggle to
keep up with rapidly increasing wages, primarily affecting retirees in the latter half of the
century (see Figure 4.17). Considering the previously mentioned demographic trends, the
rapid stabilization of the decay of the working population in EU, JN, and OHI leads to a
relative stabilization of replacement ratios to values superior to 40% for new retirees from
2060 (see Figure 4.17). In developing countries, on the other hand, an initial high working
population coupled with low average wages and robust production yields high pay-as-you-go
returns, significantly increasing replacement ratios. However, over the course of the century,
the subsequent reduction in the working population will lead to a considerable drop in
the replacement ratios for new retirees, particularly in the latter half of the century. This
results in a dual effect on benefits: initially, low pensions due to low average wages but high
returns, followed by high pension values with lower returns in the second half of the century
(see Figure 4.17). Finally, DC schemes in US and CN typically provide pension benefits
that amount to about 75% of average wages at the beginning of retirement. However, the
growing capital accumulation among workers and older retirees, coupled with diminishing
returns on capital and climate-related losses, results in individual pension values increasing
at a slower rate than average wages (see Figure 4.18).

In conclusion, the consumption allocation of both DB and DC schemes may not align ade-
quately with sustainable consumption as depicted in this scenario. Diminishing labor supply,
increasing climate damages, and rising mitigation costs, result in each new group of retirees
facing lower consumption due to diminishing returns. DC schemes tend to initially benefit
younger retired generations, who enjoy higher returns and fully consume them. This cre-
ates a snowball effect, where each generation is inclined to consume their returns as early
as possible to manage the low growth of their pensions. Consequently, not only do pay-
as-you-go systems become less effective under DC schemes, but retirees’ total wealth also
grows at a slower rate compared to average wage growth. This situation creates significant
inflationary pressures for retirees as they age. DB schemes, on the other hand, minimize
the early consumption of returns necessary to sustain the growth of pension benefits against
future inflationary pressures. They rely on pay-as-you-go systems for this purpose. By doing
so, DB schemes provide greater consistency in pension benefits throughout the lifespan of
each retired generation, allowing retirees at older ages to achieve higher replacement ratios
compared to those in DC schemes. However, they result in a less equitable distribution
of consumption, with some generations experiencing considerably higher replacement ratios
than others (see Figures 4.17 and 4.18). This suggests that DB schemes may better distribute
consumption across different ages, while DC schemes focus on intergenerational equity. A
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Figure 4.14: Population distribution by age under SSP1.
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Figure 4.15: Population distribution by age under SSP2.
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Figure 4.16: Population distribution by age under SSP3.

- SSP2: The “penalization” of longevity trends

In a world where insufficient efforts are being made to reduce carbon emissions and where
historical trends persist, social security systems may have to navigate the challenges posed
by population aging (see Figures 4.5 and 4.15), climate damages (see Figures 4.8 and 4.9),
mitigation costs (see Figure 4.7), and slower economic growth (see Figure 4.2). While each
of these challenges is moderately concerning on its own, their simultaneous occurrence com-
plicates the situation further. Additionally, with the impact of each issue varying by region,
their combined effects may differently impact social security systems across different areas.
Similar to SSP1, three demographic patterns of population aging can be identified, though
some differences exist. Specifically, moderate changes are projected in the distribution of the
working population in developing regions, namely RS, EUR, CN, IN, and LA (see Figures
4.15). While the decrease in the working population in these regions is still pronounced, it
is occurring at a slower rate, resulting in more workers by the end of the century. With the
slower economic growth depicted in the SSP2 (see Figure 4.2), these regions face significant
challenges regarding average wages compared to the SSP1. Nonetheless, they may also
benefit from higher returns on capital due to a larger labor supply. In addition, while all
regions experience slower growth in life expectancy, developing regions, except for EUR,
have notably lower life expectancies. This is particularly evident in CN and RS, where life
expectancies fall below the expected age of 85 years (see Figures 4.5). As a result, retirees
in developing regions may have a greater incentive to consume their retirement savings
at younger ages compared to those in developed areas. Considering these factors, several
differences in the optimality of pension schemes and financing systems can be identified
among different regions.

The optimal DC schemes generally yields higher returns than that in DB schemes across the
regions of US, JN, CN, IN, and OHI (see Figure 4.12). This is partly due to the preference of
DC schemes for the high returns associated with funded systems (see Table 4.2). However,
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the combined effects of a declining workforce and increased climate-related losses diminish
these funded returns throughout the century. In particular, the SCC borne by retirees are
considerably higher under DC schemes in these regions (see Figures 4.9). This disparity may
lead to significant differences in returns, with early retirees experiencing more substantial
growth in their pensions. As a result, the pensions of future retirees may rapidly lose value
(see Figures 4.20), resulting in the highest levels of consumption primarily occurring at the
beginning of the retirement period (see Figures 4.27). Overall, total consumption does not
grow efficiently during retirement (see Figure 4.27), reducing the incentive to contribute to
the pension system (see Table 4.2). Ultimately, despite the higher returns observed for the
optimal mixture in DC schemes, enjoying higher consumption during the working years is
more beneficial. Conversely, DB schemes, which rely on a pay-as-you-go system in these
regions (see Table 4.2), enable significantly higher social welfare and greater consumption
during retirement (see Figures 4.10, 4.26, 4.27). This is achieved by preventing excessive
consumption of capital returns by younger generations, which allows the overall wealth of
the system to be channeled toward economic growth and improved average wages, while
pension expenditures are funded by current workers. However, this approach places strain on
workers, whose contributions may be relatively higher, thereby reducing their consumption
due to an increased share of climate-related damages (see Figures 4.8) and the challenges
posed by an aging population.

In the regions of the EU, RS, EUR, LA, and ME, DB and DC schemes consider fully funded
systems, or a combination of both in the case of EUR, to be the most optimal financing
approaches (see Table 4.2). Since both schemes experience similar climate-related losses (see
Figures 4.8 and 4.9), and DB schemes typically provide comparable or higher rates of return
compared to DC schemes (see Figures 4.12), DB schemes are generally preferred. However,
it is important to note that in the region of LA, DC schemes yields a considerable higher rate
of return compared to DB schemes (see Figures 4.12). Given that climate damage impacts
are comparable between the two schemes, DC schemes are the preferred option in this region
(see Figures 4.10).

In conclusion, climate-related losses can significantly impact the suitability of DC schemes.
While these schemes fulfill their basic principle of equity by maximizing returns based on to-
tal contributions, they overlook the increasing damages to the productive process caused by
climate change. This neglect places each new generation of retirees at a greater risk concern-
ing the value of their pension savings, which tend to rapidly decrease due to lower returns.
As a result, older retirees may face inadequate pension amounts that are uncompetitive
compared to average wages. DB schemes, on the other hand, provide a better distribution
of consumption across the lifespan of retirees. However, members starting their retirement
around the mid-century may experience the lowest replacement ratios. This is due, in part,
to a significant increase in average wages during the latter half of the century, as well as the
advanced impacts of climate damage.

- §SP3: a call for cooperation across generations

In a world where countries prioritize domestic issues, invest minimally in population well-
being, and show little concern for environmental damage, several key challenges arise for
social security systems worldwide. Among these challenges are the significant decline in
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global economic growth (see Figure 4.2), persistent climate-related losses (see Figures 4.8
and 4.9), rising fertility rates (see Figure 4.3), and increasing mortality rates (see Figure 4.5).
As all regions are affected considerably by most of these factors, the regional discrepancies in
the impact of climate change on social security systems tend to diminish. Therefore, in line
with the findings from the DICE-SS [82], fostering generational cooperation with a strong
emphasis on long-term investment tend to be the most effective strategy for enhancing social
security systems worldwide.

In all regions except for the EU, JN, and IN, DB pension schemes that are financed through
pay-as-you-go systems appear to be the most efficient approach for allocating consumption
(see Figure 4.10). In general, the large working population in these regions (see Figure 4.16)
lowers capital costs, leading to higher or comparable returns with respect to DC schemes
(see Figure 4.13). Therefore, by implementing a pay-as-you-go system, current pension
expenditures can be financed by the contributions of current workers, while the returns from
government capital investments can be directed toward economic growth. Specifically, this
setup allows for an increase in government savings, which can enhance future consumption
and ultimately increase the value of pensions. However, the growth in savings may be slow
due to poor economic conditions. As a result, new retirees in the middle of the century may
experience the lowest levels of consumption compared to previous retirees who benefited
from a larger workforce supporting their needs, or compared to future retirees at the end of
the century, who are likely to enjoy more stable consumption levels as a result of relatively
higher productive capital resources in the economy (see Figure 4.21). With a significant
working population facing slow wage growth during the first half of the century (see Figures
4.16 and 4.23), substantial inequality between workers and retirees may emerge during this
period, leading to large replacement ratios (see Figure 4.21).

In the developed regions of the EU and JN, given the steady proportion of the working
population (see Figure 4.16), coupled with the stable effects of climate-related losses (see
Figures 4.8 and 4.9), concerns about the accumulation of returns by certain generations may
be minimal. Therefore, selecting the optimal DC schemes whose financing system is given
by a funded system is justified by their potential for considerable higher returns compared
to the optimal DB scheme (see Figures 4.10 and 4.13, and Table 4.2). Finally, in the region
of IN, where average incomes among workers are the lowest (see Figure 4.23) but population
growth are high and stable (see Figures 4.3 and 4.16), a mixture between funded and pay-as-
you-go systems within a DC scheme emerges as the most efficient option, providing a return
considerably higher than DB schemes (see Figures 4.10, 4.13, and Table 4.2). Although
this may lead to lower consumption for retirees (see Figure 4.28 and 4.29), it alleviates
the financial burden that a pure pay-as-you-go system could impose on low-wage workers.
Ultimately, enhancing social welfare.

In conclusion, optimal social security intervention in most regions requires leveraging capital
returns to protect retirees from inflation caused by weak economic growth. This can be
achieved through a cooperative strategy in which current workers support pensioners. This
approach enables greater accumulation of government savings, which in turn facilitates higher
consumption for both retirees and workers. While this strategy may create some inequality
that favors earlier generations, it ultimately leads to more equitable consumption levels by
the end of the century.
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Figure 4.18: Replacement ratios of DC schemes for cohorts retiring between 2024 and 2074 under the
SSP1.
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SSP2.



138 4.6. Results
us EU JN RS EUR
5.
8- 6-
) 4- 20-
ﬂ 3- / 157 / d 4-
2. 1.0- 41
2- / -
TR =l / L=
e ——— " ——
0- ) U U ' O- ' U U ' 00- ' U U ' 0- ) U U ' O- . U U '
70 80 90 100 70 80 90 100 70 80 90 100 70 80 90 100 70 80 90 100
Age Age Age Age Age
CN IN ME LA OHI
10.0- 10.0-
3- 4 J
75 75 2- /\// 10 %
2- 5.0- 5.0- /f/— 7
T 05-
N— T ————— 25 e L LI T T
—_— —_—
O- U U 00- U U 00- ) U U ' O- ) U U ' 00- U U
70 80 90 100 70 80 90 100 70 80 90 100 70 80 90 100 70 80 90 100
Age Age Age Age Age
Year of retirement: — 2024 — 2029 — 2034 2039 2044 — 2049 — 2054 — 2059 2064 — 2069 — 2074

Figure 4.21:
SSP3.

CN

0.5-

0.0- T
70 80 90 100
Age

Year of retirement:

EU
1.25-

1.00-
0.75-
0.50-
0.25-

0.00-

— 2024 — 2029 — 2034

JN

0.6-
E—
0.4-
0.2-
0.0- | |
70 80 90 100
Age

ME
2.0-
1.5- ﬁ
1.0- i/é/ ~
0.5-
0.0-

70 8 90 100
Age

2039

2044 — 2049 — 2054 — 2059

RS

0.0~ \ . .
70 80 90 100
Age

Replacement ratios of DB schemes for cohorts retiring between 2024 and 2074 under the

0.0- T
70 80 90 100
Age

2064 — 2069 — 2074

Figure 4.22: Replacement ratios of DC schemes for cohorts retiring between 2024 and 2074 under the

SSP3.



139

4.6. Results

us
0.20-
0.16-
0.12-
0.08- : : : t
2040 2060 2080 2100
Year
CN
0.3-
0.2-
0.1~
' ' ' '
2040 2060 2080 2100
Year
Figure

2020 2040 2060 2080 2100
Year

CN
50~

40-

k

2020 2040 2060 2080 2100
Year

m

u

0.25-

0.20-

0.15-

0.10-

N

2040 2060 2080 2100

Year

N
0.4-
0.3-
0.2-
0.1-
0.0- ' ' ' '
2040 2060 2080 2100
Year
4.23: Average wage

30-

20-

o-
2020 2040 2060 2080 2100
Year
IN
120~
80-
40-
0-

2020 2040 2060 2080 2100
Year

IN
0.20-
0.15-
0.10-
' ' ' '
2040 2060 2080 2100
Year
ME
0.3-
0.2-
0.1-
' ' ' '
2040 2060 2080 2100
Year

SSP1 — SSP2 — SSP3

0.3-

0.2-

0.1-

g

2060 2080 2100

Year

2040

0.2-

0.1-

i
\

2060 2080 2100

Year

2040

o
~

=3 =3 =3
= N w

m

c

Y

2060 2080 2100

Year

2040
OHI

0.20-

0.15-

0.10-

2040 2060 2080 2100

Year

income under SSP1-3 (Millon PPP USD 2000).

0-

2020 2040 2060 2080 2100

Year
ME

o
2020 2040 2060 2080 2100
Year

o]

S

10.0-

7.5-

5.0-

25-

0.0-
2020 2040 2060 2080 2100
Year

30-

20-

o-
2020 2040 2060 2080 2100
Year

age [l 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89 ] 90-95 ] 95-99 ] 100+

EUR

10.0-

75-

5.0-

2.5-

0.0+ . g U U U
2020 2040 2060 2080 2100

Year
OHI
6-

~

A

0-
2020 2040 2060
Year

2080 2100

Figure 4.24: Regional consumption patterns of retirees by age for DB Schemes under SSP1 (Trillon PPP

USD 2000).



140

4.6. Results

us EU
30-
15-
20-
10-
10-
i /___/
s — e —
01 U U v U U 01 U U U U U
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year
CN IN
50- 120~

40-

80~
30-
20-

40-
10-
N Z==—=====U.

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

—_—
e ————

2020 2040 2060 2080 2100

Year
ME
20~
15-
10-
5-
0-
) ' ' ' B
2020 2040 2060 2080 2100
Year

RS
10.0-

7.5-

5.0-

/—\_/-\—/
00- ———————

2020 2040 2060 2080 2100

Year
LA
30-
20-
10-
0-
) ' ' ' '
2020 2040 2060 2080 2100
Year

Age [Bl] 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89[ ] 90-95[ ] 95-99 ] 100+

Figure 4.25: Regional consumption patterns of retirees by age for DC Schemes under SSP1 (Trillon

us EU
25-
20-
20-
15-
15-
10-
10-
5- f/\/ 5- W
N M =
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year
CN IN
120~
40-
90-
30-
60~
20-
10- //\’\’225 -
0- 0-
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

2040 2060 2080 2100

Year

2020

ME

o-
2020 2040 2060 2080 2100
Year

A=

2020 2040 2060 2080 2100
Year

LA

0-
2020 2040 2080 2080 2100
Year

Age [l 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89[ ] 90-95[] 95-99 ] 100+

EUR

10.0-

7.5-

5.0-

25-

0.0 v g U U U
2020 2040 2060 2080 2100

Year

OHI

6-

4-

2-

. =
) ) ' ' '
2020 2040 2060 2080 2100
Year

7.5-

5.0-

2.5-

0.0-

2020 2040 2060 2080 2100
Year

OHI

6-

4-

2-

0-

2020 2040 2060 2080 2100
Year

Figure 4.26: Regional consumption patterns of retirees by age for DB Schemes under SSP2 (Trillon PPP

USD 2000).



4.6. Results

us EU JIN
25~
20~
20~ 3-
15-
15-
2-
10-
10-
1-
. % — 5 — =
—_— _/—_/v
01 U U v U U 01 U U U U U 0 v g U U U
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year Year
CN IN ME
120-
40~ 15-
90~
30-
60- 10-
20-
E. 5-
10- 30
01 U U U U U 05 U . v v U 01 U g U U U
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year Year

Age [Bl] 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89[ ] 90-95[ ] 95-99 ] 100+

Figure 4.27:
USD 2000).

EU

o

2020 2040 2060 2080 2100 2020 2040 2080 2080 2100

Year Year
CN IN
20-
107 /‘-\N
| ‘g

2020 2040 2060 2080 2100
Year

2020 2040 2060 2080 2100
Year

Regional consumption patterns of retirees by age for DC Schemes

o
2020 2040 2060
Year

2080 2100

0-

2020 2100

2040 2060 2080
Year

RS EUR
6- 7.5-
4- 5.0-
2- 25-

01 v v U U U 0.0 U U U U U
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

LA OHI
6-
20-
4-
10-
2-

01 U U U U U 01 v g U U U
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

under SSP2 (Trillon PPP

o
2020 2040 2060
Year

2080 2100

o
2020 2040 2080 2080 2100
Year

Age [l 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89[ ] 90-95[] 95-99 ] 100+

0-

2020 2040 2060 2080 2100

Year

0-
2020 2040 2060
Year

2100

2080

Figure 4.28: Regional consumption patterns of retirees by age for DB Schemes under SSP3 (Trillon PPP

USD 2000).



142 4.7. Conclusions

us EU JN

2- 4-

e ——— —
— — —_—
[t e ——— P ——
0- 0- — 0- 0- 0-
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year Year Year Year
CN IN ME LA OHI
15
30-
9-
20- 4-
20- 10-
6-
10- P
d 5-
(——— . /_/ 0
.. = ol o o 0 ——
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year Year Year Year

Age [Bl] 65-69 [ 70-74[] 75-79[] 80-84[ ] 85-89[ ] 90-95[ ] 95-99 ] 100+
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4.7 Conclusions

This paper presents a regional analysis of social security trajectories under SSP scenarios.
Our results indicate that DB schemes are generally the most efficient pension system across
most regions. In general, these schemes allow the system to utilize its total wealth to foster
long-term economic growth, resulting in a better distribution of resources over time and
enabling retirees to enjoy higher consumption of produced goods. However, DB schemes
also reveal significant intergenerational inequality in the distribution of consumption. In
particular, members who retire in the middle of the century are projected to face the highest
costs associated with climate change and the aging of the population. In contrast, DC
schemes tend to provide a more equitable distribution of consumption between generations.
Nonetheless, they demonstrate considerable inequality within retirees’ lifespans, particularly
affecting those in advanced old age.

Accordingly, the configuration of pension schemes is a sensitive issue that governments world-
wide must carefully consider, especially in the context of climate change. Our findings suggest
that pension schemes focused solely on maximizing returns, without considering long-term
socioeconomic trends, may lead to hidden and severe inflationary pressures. This could result
in increasing inequalities both between and within generations over the long run. Therefore,
an early intervention by social security decision makers to develop more tailored pension
schemes based on specific regional conditions and plausible scenarios is recommendable.
We conclude our paper by highlighting that climate change is a long-term issue that could
reshape traditional views on social security. We demonstrate this by showing that, in the
context of climate change, the Aaron-Samuelson rules may not hold, even within a deter-
ministic framework. As a result, we offer an alternative perspective on the Social Security
Paradox, suggesting that pay-as-you-go systems may be more favorable, even when the re-
turns of funded systems outperform. Further research exploring a stochastic framework



and incorporating scenario analysis, like the one presented in this paper, could provide new
insights into the challenges and opportunities facing social security systems in the future.



Component

SSP1

SSP2

Region

All regions excluding US and CN

US and CN

US, JN, CN, IN, and OHI

EU, RS, EUR, ME, and LA

SSP3

Financing systems:
DB Schemes

DC Schemes

Leveraging the high wages of workers,
pensions can be supported through
pure pay-as-you-go systems, thereby
distributing the costs of carbon emis-
sions more equitably between workers
and retirees.
Developing  regions
higher contribution
pensate for a
population.

often
rates to
declining  working

require
com-

Individual accounts offer improved
pensions through fully funded sys-
tems. However, this approach poses
a significant burden of carbon costs on
retirees’ capital savings.

Sustaining necessary production
requires enhanced capital savings
through a fully funded system. This
results in a higher burden of carbon
emissions costs on retirees’ pension
savings.

In developed regions, moderately high
wages can support pensions through
pure pay-as-you-go systems, thus
alleviating the carbon emission costs
retirees face. In CN and IN, higher
contribution rates are required.

Individual — accounts
hanced pensions primarily through
fully funded systems. However, DC
schemes in these regions impose a
significant burden of carbon costs on
retirees’ capital savings.

provide  en-

Sustaining necessary production re-
quires enhanced capital savings primar-
ily through fully funded systems. This
results in a higher burden of carbon
emissions costs on retirees’ pension sav-
ings.

Current pension expenditures are man-
aged through pure pay-as-you-go sys-
tems, while capital returns are primar-
ily used to support long-term economic
growth. However, due to the increas-
ing damages from climate change and
reduced incentives to save, the costs as-
sociated with carbon emissions tend to
be low and primarily affect retirees.

Individual accounts are funded through
reduced contributions to both funded
and pay-as-you-go systems.  While
funded systems tend to offer relatively
higher returns, a pay-as-you-go system
helps maintain their value against in-
flation pressures resulting from climate-
related losses.

Pensions:
DB Schemes

DC Schemes

The required contributions to offset the decline in the working population will significantly boost the pensions of the elderly retiring in the first half of the century,

Retirees in the middle of the century, who mostly live alongside highly compensated retirees, will face the lowest pension values.

In most regions, pensions maintain a high and consistent replacement ratio for new retirees;however, their value decreases rapidly relative to average

wages over time.

particularly in developing regions.

Pensions provide a high replacement
ratio for new retirees.
developed regions, their value declines
sharply . In developing regions, a larger
working population helps maintain sta-
ble replacement ratios during the sec-
ond half of the century.

However, in

Selection criteria:

SCC criterion

Samuelson-Aaron rule

Social welfare rule

Decision

DB schemes reduce the financial im-
pact of carbon emission costs on re-
tirees’ pension savings.

DC and DB schemes similarly impose a
considerably greater burden of carbon
emissions costs on retirees.

DB schemes result in lower or similar returns compared to DC schemes.

DB schemes result in higher social wel-
fare.

DB: Although DB schemes offer lower
rates of return than DC schemes,
they allocate consumption more effec-
tively by reducing carbon costs for re-
tirees and mitigating inflation pressures
caused by rising wages.

DC schemes result in higher social wel-
fare.

DC: DC provides the highest social wel-
fare and rates of return, while carbon
emissions costs are distributed between
workers and retirees similarly to DB
schemes.

DB schemes reduce the financial im-
pact of carbon emission costs on re-
tirees’ pension savings.

DB schemes result in lower or similar
returns compared to DC schemes.

DB schemes result in higher social wel-
fare.

DB: Although DB schemes offer
lower or similar rates of return  than
DC schemes, they allocate consump-
tion more effectively by reducing
carbon costs for retirees and mitigat-
ing inflation pressures caused by rising
wages.

DC and DB schemes similarly impose a
considerably greater burden of carbon
emissions costs on retirees.

DB schemes in all regions except LA
yield higher or similar returns com-
pared to DC schemes. In LA, DC
schemes yield relatively higher returns
than DB schemes.

DB schemes in all regions except LA
result in higher social welfare.

DB: In all regions except LA, DB
schemes provide the highest social wel-
fare and similar or higher rates of re-
turn compared to DC schemes.

DC: In LA, DC schemes offer greater
social welfare and relatively higher
rates of return.

DC and DB schemes similarly impose a
considerably greater burden of carbon
emissions costs on retirees.

DB schemes in all regions except EU,
JN, and IN yield higher or similar
returns compared to DC schemes.
In EU, JN, and IN, DC schemes
yield relatively higher returns than DB
schemes.

DB: In all regions except EU, JN, and
IN, DB schemes provide the highest so-
cial welfare and similar or higher rates
of return compared to DC schemes.
DC:In EU, JN, and IN, DC schemes of-
fer greater social welfare and relatively
higher rates of return.

Table 4.3: SSP narratives for social security
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Chapter 5

Conclusions

This thesis explores the challenges and opportunities that climate change presents to social
security systems in the coming decades. It begins by reviewing existing literature on recent
research that identifies and measures climate risk factors potentially impacting these systems.
From this review, several key insights emerge. First, while the effects of climate change can
be diverse, framing these impacts in terms of their ultimate consequences on the cost of living,
labor markets, financial markets, and health outcomes can greatly simplify the analysis of
these effects. Since social security financing systems, whether they are pay-as-you-go or
funded, are critical components of many economies and manage a large portion of resources,
they can be directly linked to the impacts of climate change on labor and financial markets, as
well as to the resulting effects on the cost of living. Moreover, depending on the configuration
of these financing systems, social security can play a crucial role in the development of
effective climate policies. For example, by strategically allocating resources targeting the
adequacy of benefits provided to vulnerable population sectors ( e.g., elderly and future
generations in advanced states of climate change), the system can reduce the regressive effects
of carbon policies on those sectors, therefore allowing policymakers to pursue more rigorous
emission reduction targets. Another example includes investing resources to facilitate a
smooth energy transition. Additionally, since the long-term health effects of climate change
are often linked to socioeconomic factors, this connection allows for a clearer representation
of the interactions involved.

In the second stage, this thesis focused on numerically representing the interactions of risk
channels identified in the literature review. To achieve this, a mathematical representation
was developed within the framework of integrated assessment modeling, specifically using
the mathematical structure of the DICE and the RICE models. Additionally, a scenario
analysis based on SSP scenarios was conducted. The results of this analysis reveal that when
considering the long-term interactions of climate systems with labor and capital productive
factors affecting multiple generations, the perceived fairness and higher returns associated
with DC schemes can lead to significant adverse effects. These effects may include an uneven
accumulation of wealth and the premature consumption of returns necessary to address
future inflation pressures. Specifically, this situation often results in a considerable loss of
pension value at advanced ages across all generations. In this context, the benefit adequacy
framework offered by DB schemes may provide a more effective alternative, allowing for a
more efficient allocation of resources across generations. This is partly due to their reliance on
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pay-as-you-go systems, which, while financing pension expenditures, allow for the productive
factors of the system to be directed toward long-term economic growth. This approach
facilitates a more equitable distribution of resources between generations. Consequently,
intergenerational cooperation that leans toward adequacy rather than strict actuarial fairness
can lead to the most optimal allocation of consumption. However, it is important to note that
DB schemes also face considerable inflation pressures for certain generations, particularly
during the latter half of the century.

Future research related to the second stage of this thesis may investigate different config-
urations of social security schemes. This could include redefining benefits or adjusting the
interest rates applied to benefit rights. Additionally, the definitions of regions can be refined
to concentrate on a specific country or area of interest, enabling more targeted analyses.
A more comprehensive future study could involve integrating the proposed social security
module into other types of integrated assessment models. This would enable the evaluation
of uncertainty using projections based on different modeling approaches. Lastly, while the
scenario analysis in this study addresses the SSP without a specific emission reduction target,
future research could focus on how social security can allocate resources to support climate
mitigation policies.
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Appendix A

A.1 Mitigation costs estimates

Estimate Std. Error t value Pr(> ||

SSP1:
Bo 0.011166 0.000944 11.829 3.45e-12 HokK
oh 1.295070  0.263890 4.908 3.90e-05  ***

SSP2:
Bo 0.049744 0.005451 9.126 1.15e-10 R
ot 3.091946 0.551546 5.606 2.80e-06  ***

SSP3:
Bo 0.18066 0.01292 13.98 1.99e-12  *%*
b1 4.50511 0.38561 11.68 6.63e-11  *FF*
SSP4:
Bo 0.05733 0.00263 21.79 < 2e-16 K
b1 3.31583 0.26974 12.29 7.57e-12  FF*
SSP5:
Bo 0.12061 0.00591 20.41 < 2e-16 ok
b1 6.59997 0.47217 13.98 < 2e-16  FHE

Table A.1: Parameter estimation of mitigation costs
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A.2. Default parameters of the DICE

A.2 Default parameters of the DICE

Parameter Description Value
1.2 Heat diffusion from the atmosphere to space 0.025

V21 Heat diffusion from the space the the atmosphere  0.088

& Heating generated by radiative forcing 0.1005

& Rate of cooling due to infrared radiation to space  0.1193454
& Equilibrium climate sensitivity (ECS) 3.1

n Forcing of equilibrium of carbon doubling (W/m?) 3.6813
bo.1 Carbon diffusion industry-atmosphere 1.363884/5
b1.1 Carbon that remain in the atmosphere 0.88

P21 Carbon diffusion upper ocean-atmosphere 0.196

P12 Carbon diffusion atmosphere-upper ocean 0.12

P22 Carbon that remain in the upper ocean 0.797

®3.2 Carbon diffusion from lower to upper ocean 0.001465
P23 Carbon diffusion from upper to lower ocean 0.007

$33 Carbon that remain in the lower ocean 0.99853488
m Damage coefficient on temperature 0.00236
o Damage exponent 2

3 Damage exponent 0

¥ Capital elasticity 0.3

e Elasticity of marginal utility of consumption 1.45

J Rate of social time preference per year In(1.015)
O Annual rate of capital deprecation 0.1

Ce Force of interest on contributions In(1.01)
b Force of interest on benefits In(1.025)
Temp,,(0)  Atmospheric temperature change 1.15
Temp,.(0)  Lower stratum temperature change change 0.05

M, (0) CO4 concentration in atmosphere (GTCOy) 979
Mup(0) COs concentration in upper ocean (GTCO,) 460
Mi0(0) CO; concentration in lower ocean (GTCOy) 1740
K(0) Initial capital stock 699

Table A.2: Parameter settings
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A.3 Algorithm of calculation

Algorithm 2 DICE model with a Social Security module
1: Inputs: p(j=1:T7), 77, 7, Tar(to), Toc(to), Mat(to), Mup(to), Mis(to), K(to),
logay, (to 2 T) 5 Quow, (to = T')
2: procedure DICE-SS(u(1:T), 7, 7, 6.(1: 7))
3: while j > 1 and j < 7T do
4: Compute:
K(j)> Y(]) (])> ( )> oc(j)> Mlo(j)7 Rf(]);

at( ) OC( )7 A(]) (])7 net(j)v W(])7 W(])
Ko (j), Ko ()
Cu(7), Cr(4), Sw(l)
u(e(y)) > Utility of per-capita consumption (workers and retirees)
: end while
6: Compute:
U(T) > Social welfare
7 while £ > 1 and £ <7 do > Actuarial assessment each h years

8: Call :

Qrpeay (fo + h - (K= 1)),

lpgx, (to + h - (k—1))

Ky (k), K (k)

w(k:T), C.(k)
9: Compute :

A(k>> p<k)7 HP(k>> HB(k)7 V(/ﬂ?)
10: end while

11: return U(T), V(j =1:1T) > Outputs
12: end procedure

13: procedure DICE-SS OCP sorLuTioN(U(T'), V(j =1:T))
14: max  U(T)
p(=1T),mp,7f
15: Subject to:
Vi=1:T)<K(j=1:T),
0<pu(j=1:T)<1,
0 S Tf S 04,
0<71,<04,
0<7+7<04
16: return p*(1:7), 7
17: end procedure

>)<
;p;f




Appendix B

B.1 Mitigation costs estimation

Estimate Std. Error t value Pr(> |t|)

OECD :

Bo 0.012408 0.001725 7.193 6.43e-08  ***
51 0.814767 0.259307 3.142 0.00385 ot
REF :

Bo 0.021852 0.002584 8.456 6.17e-09  ***
51 1.200055 0.209911 5.717 5.12e-06  ***
ASIA :

Bo 0.011538 0.000822 14.037  3.39e-14  *¥*
51 1.523059 0.277268 5.493 7.22e-06  ***
MAF :

Bo 0.012224 0.001134 10.783 1.78e-11 IS
51 1.226156 0.243137 5.043 2.47e-05  ***
LAM :

Bo 0.0077144  0.0007463 10.337 1.06e-10  ***
b1 1.0613157  0.2102657 5.047 2.96e-05  ***

Table B.1: Parameter estimation of the mitigation costs for SSP1
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Estimate Std. Error t value Pr(> |t|)

OECD :

Bo 0.043724 0.005913 7.395 1.71e-08  *¥*
51 2.551036 0.461993 5.522 3.95e-06  ***
REF :

Bo 0.068761 0.005177 13.28 2.35e-13  *H*
51 2.927871 0.278829 10.50 4.93e-11  ***
ASIA :

Bo 0.047683 0.005598 8.518 6.00e-10  ***
51 3.530789 0.682102 5.176 1.01e-05  ***
MAF :

Bo 0.052988 0.008852 5.986 1.66e-06 ~ ***
51 2.483510 0.589527 4.213 0.000224  ***
LAM :

Bo 0.023520 0.002133 11.026 1.33e-12  ***
51 2.094686 0.415337 5.043 1.62e-05  ***

Table B.2: Parameter estimation of the mitigation costs for SSP2

Estimate Std. Error t value Pr(> |t])

OECD :

Bo 0.1982 0.0253 7.837 1.14e-07  ***
51 4.5579 0.5458 8.351 4.11e-08  ***
REF :

Bo 0.1690 0.0084 20.120 8.72e-13  ***
51 3.6075 0.4285 8.418 2.85e-07 ¥
ASIA :

Bo 0.1576 0.0121 13.022 6.24e-10 Hokk
b1 4.9011 0.4968 9.865 3.32e-08  ***
MAF :

Bo 0.19451 0.02341 8.308 3.39e-07  ***
b1 3.90849 0.47050 8.307 3.39e-07  ***
LAM :

Bo 0.131977 0.008479 15.56 4.38e-11  ***
b1 3.455113 0.246198 14.03 2.06e-10  *H*

Table B.3: Parameter estimation of the mitigation cost function for SSP3
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B.2 Definition of the RICE regions

B.3 Classification of regions used by the ITASA

Region Countries

OECD Albania, Australia, Austria, Belgium, Bosnia and Herzegov-
ina, Bulgaria, Canada, Croatia, Cyprus, Czech Republic, Den-
mark, Estonia, Finland, France, Germany, Greece, Guam, Hun-
gary, Iceland, Ireland, Italy, Japan, Latvia, Lithuania, Luxem-
bourg, Malta, Montenegro, Netherlands, New Zealand, Norway,
Poland, Portugal, Puerto Rico, Romania, Serbia, Slovakia, Slove-
nia, Spain, Sweden, Switzerland, The former Yugoslav Republic
of Macedonia, Turkey, United Kingdom, United States of America

REF Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzs-
tan, Republic of Moldova, Russian Federation, Tajikistan, Turk-
menistan, Ukraine, Uzbekistan

ASIA Afghanistan, Bangladesh, Bhutan, Brunei Darussalam, Cambo-
dia, China (incl. Hong Kong and Macao, excl. Taiwan) Demo-
cratic People’s Republic of Korea, Fiji, French Polynesia, India,
Indonesia, Lao People’s Democratic Republic, Malaysia, Maldives,
Micronesia (Fed. States of), Mongolia, Myanmar, Nepal, New
Caledonia, Pakistan, Papua New Guinea, Philippines, Republic
of Korea, Samoa, Singapore, Solomon Islands, Sri Lanka, Taiwan,
Thailand, Timor-Leste, Vanuatu, Viet Nam

MAF Algeria, Angola, Bahrain, Benin, Botswana, Burkina Faso, Bu-
rundi, Cameroon, Cape Verde, Central African Republic, Chad,
Comoros, Congo, CA “te d‘Ivoire, Democratic Republic of the
Congo, Djibouti, Egypt, Equatorial Guinea, Eritrea, Ethiopia,
Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Iran (Islamic
Republic of), Iraq, Israel, Jordan, Kenya, Kuwait, Lebanon,
Lesotho, Liberia, Libyan Arab Jamahiriya, Madagascar, Malawi,
Mali, Mauritania, Mauritius, Mayotte, Morocco, Mozambique,
Namibia, Niger, Nigeria, Occupied Palestinian Territory, Oman,
Qatar, Rwanda, RA@union, Saudi Arabia, Senegal, Sierra Leone,
Somalia, South Africa, South Sudan, Sudan, Swaziland, Syrian
Arab Republic, Togo, Tunisia, Uganda, United Arab Emirates,
United Republic of Tanzania, Western Sahara, Yemen, Zambia,
Zimbabwe

LAM Argentina, Aruba, Bahamas, Barbados, Belize, Bolivia, Brazil,
Chile, Colombia, Costa Rica, Cuba, Dominican Republic,
Ecuador, El Salvador, French Guiana, Grenada, Guadeloupe,
Guatemala, Guyana, Haiti, Honduras, Jamaica, Martinique, Mex-
ico, Nicaragua, Panama, Paraguay, Peru, Suriname, Trinidad and
Tobago, United States Virgin Islands, Uruguay, Venezuela

Table B.5: Definition of regions used to compute the mitigation costs *
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Region Countries

US Puerto Rico, United States Virgin Islands, United States of Amer-
ica

EU Austria, Belgium, Denmark, Finland, France, Germany, Greece,

Ireland, Italy, Luxembourg, Netherlands, Portugal, Spain, Swe-
den, United Kingdom, Bulgaria, Latvia, Lithuania, Romania,
Cyprus, Czech Republic, Estonia, Hungary, Malta, Poland, Slo-
vakia, Slovenia, Iceland, Norway, Switzerland

JN Japan
RS Russia
EUR Albania, Bosnia and Herzegovina, Croatia, Montenegro, Serbia,

The former Yugoslav Republic of Macedonia, Belarus, Republic
of Moldova, Ukraine, Turkey

CN China
IN India
ME Bahrain, Israel, Kuwait, Oman, Qatar, Saudi Arabia, United Arab

Emirates, Iran, Iraq, Jordan, Lebanon, Occupied Palestinian Ter-
ritory, Syrian Arab Republic, Yemen

AF Algeria, Egypt, Libyan Arab Jamahiriya, Morocco, Tunisia,
Western Sahara, Benin, Burkina Faso, Burundi, Cameroon,
Cape Verde, Central African Republic, Chad, Comoros, Congo,
CA “te d’Ivoire, Democratic Republic of the Congo, Djibouti, Er-
itrea, Ethiopia, Gambia, Ghana, Guinea, Guinea-Bissau, Kenya,
Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Mozam-
bique, Niger, Nigeria, Rwanda, Sao Tome and Principe, Senegal,
Sierra Leone, Somalia, South Sudan, Sudan, Swaziland, Togo,
Uganda, United Republic of Tanzania, Zambia, Zimbabwe, An-
gola, Botswana, Equatorial Guinea, Gabon, Mauritius, Mayotte,
Namibia, Runion, Seychelles, South Africa

LA Belize, Guatemala, Haiti, Honduras, Nicaragua, Antigua and Bar-
buda, Argentina, Bahamas, Barbados, Bermuda, Bolivia, Chile,
Colombia, Costa Rica, Cuba, Dominica, Dominican Republic,
Ecuador, El Salvador, French Guiana, Grenada, Guadeloupe,
Guyana, Jamaica, Martinique, Netherlands Antilles, Panama,
Paraguay, Peru, Saint Kitts and Nevis, Saint Lucia, Saint Vincent
and the Grenadines, Suriname, Trinidad and Tobago, Uruguay,
Venezuela, Brazil, Mexico

OHI Australia, New Zealand, Canada, Republic of Korea, Taiwan

OA Cambodia, Lao People’s Democratic Republic, Mongolia, Viet
Nam, Bangladesh, Democratic People’s Republic of Korea, Fiji,
Micronesia, Myanmar, Nepal, Papua New Guinea, Philippines,
Samoa, Solomon Islands, Timor-Leste, Tonga, Vanuatu, Bhutan,
Brunei Darussalam, French Polynesia, Guam, Malaysia, Mal-
dives, New Caledonia, Singapore, Sri Lanka, Thailand, Armenia,
Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan, Tajikistan, Turk-
menistan, Uzbekistan, Pakistan, Afghanistan, Indonesia

Table B.4: Definition of the RICE regions
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B.4. Default parameters of the RICE model

B.4 Default parameters of the RICE model

Parameter Description Value
Temperature dynamics:

V1,2 Rate of heat diffusion from the atmosphere to the ocean 0.025

V21 Rate of heat diffusion from the ocean to the atmosphere 0.088

& Heating generated by radiative forcing 0.1005

& Rate of cooling due to infrared radiation to space 0.1193454
& Equilibrium climate sensitivity (ECS) 3.1

n Forcing of equilibrium of carbon doubling (W /m?) 3.6813
Carbon dynamics:

©0,1 Rate of carbon diffusion from the industry to the atmosphere 1.363884
011 Rate of carbon that remain in the atmosphere 0.88

D21 Rate of carbon diffusion from the upper ocean to the atmosphere 0.196

01,2 Rate of carbon diffusion from the atmosphere to the upper ocean 0.12

02,2 Rate of carbon that remain in the upper ocean 0.797

032 Rate of carbon diffusion from lower to upper ocean 0.001465
02,3 Rate of carbon diffusion from upper to lower ocean 0.007

03,3 Rate of carbon that remain in the lower ocean 0.99853488

Economic dynamics:

T Damage coefficient on temperature See table B.7
T2 Damage coefficient on squared temperature See table B.7
3. Damage exponent 2

Yi Capital elasticity 0.3

Q; Elasticity of marginal utility of consumption 1.45

0 Rate of social time preference per year 0.015

di; Annual rate of capital deprecation 0.1

Gag Force of interest on contributions In(1.01)

Coi Force of interest on benefits In(1.025)
Initial conditions:

Temp,, (0) Atmospheric temperature change with respect to year 1900 1.15
Temp,.(0) Lower stratum temperature change change with respect to year 1900 0.05

M, (0) CO; concentration in atmosphere (GTCO,) 979

M, (0) CO, concentration in upper ocean (GTCO,) 460

M, (0) CO; concentration in lower ocean (GTCOs,) 1740

K(0) Initial capital stock See table B.7

Table B.6: Default parameter values 2°.

! Classification used by the ITASA.
2Values in this table are the same for all regions.
3Values of the RICE equations were extracted from Chen and Shi (2022) [46].
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Parameter US EU JN RS EUR CN IN ME AF LA OHI OA
T 0 0 0 0 0 0.0008 0.0044 0.0028 0.0034 0.0006 0 0.0018
o 0.0014 0.0016 0.0016 0.0011 0.0013 0.0013 0.0017 0.0016 0.0020 0.0014 0.0016 0.0017
K;(to) 8229 6048 1329 258 156 4970 9.04  6.096 348 887 2135 860

Table B.7: Default parameter values by region
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