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Abstract

Models for supporting climate adaptation and mitigation planning, mostly in

the form of Integrated Assessment Models, are poorly equipped for aiding

questions related to fairness of adaptation and mitigation strategies, because

they often disregard distributional outcomes. When evaluating policies using

such models, the costs and benefits are typically aggregated across all actors in

the system, and over the entire planning horizon. While a policy may be bene-

ficial when considering the aggregate outcome, it can be harmful to some peo-

ple, somewhere, at some point in time. The practice of aggregating over all

actors and over time thus gives rise to problems of justice; it could also exacer-

bate existing injustices. While the literature discusses some of these injustices

in ad-hoc and case specific manner, a systematic approach for considering dis-

tributive justice in model-based climate change planning is lacking. This study

aims to fill this gap by proposing 11 requirements that an Integrated Assess-

ment Model should meet in order to enable the assessment of distributive jus-

tice in climate mitigation and adaptation policies. We derive the requirements

from various ethical imperatives stemming from the theory of distributive jus-

tice. More specifically, we consider both intra-generational (among people

within one generation) and intergenerational (between generations) distribu-

tive justice. We investigate to what extent the 11 requirements are being met

in recent model-based climate planning studies, and highlight several direc-

tions for future research to advance the accounting for distributive justice in

model-based support for climate change planning.
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1 | INTRODUCTION

Due to the complexity of climate planning and the presence of uncertainties, understanding the implications of alterna-
tive policies under different futures is becoming increasingly relevant to policy makers. Numerical models, mostly in
the form of integrated assessment models (IAMs), are among the most commonly used tools for this purpose (Patt
et al., 2010; Sarofim & Reilly, 2011). Recent IPCC reports show that the evaluation of adaptation and mitigation policies
through IAMs is often done from an aggregated perspective (Kolstad et al., 2014). Models aggregate costs and benefits
of policies across an entire area, over all actors, and over the entire planning horizon. The reliance on this aggregated
perspective is seen as one of the deficiencies of using IAMs (Stanton et al., 2009), because it obfuscates the distribution
of burdens and benefits for different actors across different time and space. This gives rise to an inherent problem of jus-
tice; while a plan might be beneficial in the aggregate, its distribution of benefits and costs can give rise to injustices.
These injustices, especially when not identified and accounted for in public policy, could give rise to contestations
resulting in policy deadlocks (Klinsky et al., 2017; Pesch et al., 2017).

There are several reasons why justice is crucial in planning for climate change. First, the physical processes of cli-
mate change vary in space and time and have different impacts on different people (Green, 2016). Second, people's vul-
nerability to these impacts, their capacity to adapt, and their historical contribution to climate change are often
unequally distributed (Füssel, 2010a; Thomas et al., 2019). Third, options for mitigation and adaptation to climate
change are likely to unevenly affect different groups, giving rise to unjust distributions of costs and benefits, and
sometimes even exacerbating existing injustices (Atteridge & Remling, 2018). Fourth, power inequalities between the
well-off and worse-off groups in society tend to favor allocation of more resources to the well-off at the expense of the
worse-off; this could reinforce the previous three instances of injustice (Thomas & Warner, 2019). As a result,
researchers have turned to theories of justice in order to address these concerns in climate change planning.

IAMs can be better equipped to address justice concerns in climate change planning, especially in assessing the dis-
tributional outcomes of alternative policies. There are already some examples of model-based studies that allow for ad-
hoc justice evaluation in recent years (see e.g., Aerts et al. (2018); Ciullo et al. (2020); Gold et al. (2019); Li et al. (2018);
Van Ruijven et al. (2015)). For example, in the agricultural sector, Thornton et al. (2010) simulate the distributional
impacts of climate change on agricultural productivity in East Africa in order to identify winners and losers among
countries. In the electricity sector, Rao (2013) evaluates the distributional impacts of low-carbon electric supply expan-
sion in India, especially by comparing the trade-offs between overall welfare gains and income inequality among house-
holds from different income groups. These examples exemplify the partial efforts to incorporate justice in IAMs. Each
study focuses on a specific aspect of justice, operationalizes it, and develops a model in light of this specific aspect. Con-
sequently, the way justice is addressed in these studies is case specific and not directly transferable to other cases and
contexts. A systematic understanding of how to facilitate the evaluation of justice in climate mitigation and adaptation
policies through the use of IAMs, based on theories of justice, is currently missing.

In this review, we contribute to the development of a systematic understanding of how IAMs can be used to facili-
tate the evaluation of justice in planning for climate change, especially by considering the potential injustices that
aggregation gives rise to. Within the climate justice literature, it is common to make a distinction between distributive
and procedural justice (Gardiner, 2010; Wood et al., 2018). Distributive justice is concerned with how outcomes are dis-
tributed across people and whether a distribution is morally acceptable (Konow, 2001; Vermunt & Törnblom, 1996).
Procedural justice is concerned with fairness in and legitimacy of planning and decision-making processes
(Okereke, 2010; Törnblom & Vermunt, 1999). Since we are focusing on how the results produced by IAMs can foster
the evaluation of the distributional outcomes of mitigation and adaptation policies, in the remainder we will only con-
sider distributive justice issues.

IAMs come in many guises, are used for many different purposes, and for a wide variety of decision making and
planning problems at different levels of government. To help structure the wide variety of IAMs used in practice, vari-
ous classifications have been proposed (Beck & Krueger, 2016; Füssel, 2010b; Kelly et al., 2013; Stanton et al., 2009).
Based on the models' purposes, IAMs can be categorized into those focusing on mitigation, adaptation, and impacts
assessment. Based on the way in which policies are assessed, IAMs are categorized into optimization and simulation
models, although in recent years there is a growing interesting in simulation-optimization IAMs as well (Dittrich
et al., 2016; Moallemi et al., 2020). While optimization-based IAMs are normally used in mitigation planning,
simulation-based IAMs are more often used in adaptation planning. IAMs can also be categorized based on their geo-
graphical scope, ranging from the global to local level. Rather than focusing on a specific type of IAM (e.g., based on
purpose, how policies are assessed, or the geographical scope), our discussion on model-supported justice assessment is
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generic enough to be applicable to a broad range of IAMs. In the remainder of this paper, we use the term IAM to refer
to models used for supporting planning and decision-making for climate change adaptation and mitigation.

Our study comprises three steps. First, by systematically identifying ethical imperatives from conceptions of intra-
and intergenerational distributive justice, we propose modeling requirements for enabling evaluation of distributive jus-
tice in alternative policies by using IAMs. Given that there are multiplicity of justice principles (e.g., equality, fairness,
equity) that are relevant in different contexts (Van Hootegem et al., 2020); our intention is not to build preferences
toward particular principles of justice, but rather facilitating, enabling and accommodating justice debates on the basis
of model-based analyses. Therefore, the systematic requirements we present in this paper are a starting point, rather
than an ultimate list, for improving the assessment of distributive justice in climate change planning through the use of
model-based support tools. Second, we review recent attempts at meeting these requirements. Third, we propose a
research agenda based on those requirements on which advances so far have been limited.

2 | JUSTICE IN CLIMATE CHANGE

Theories of justice are rooted in ethics and political philosophy (Kolstad et al., 2014; Kymlicka, 2002). Justice in climate
change was initially raised in the context of responsibilities for greenhouse gas (GHG) reductions. These responsibilities
could be based on countries' past emissions (based on the principle of “you-broke-it-you-fix-it”), their ability to bear
mitigation cost (i.e., capacity determines responsibility) but also future forecasts of GHG emissions (Okereke, 2010;
Posner & Weisbach, 2010; Singer, 2002). Recent debates have broadened the domain of climate justice to issues per-
taining to equity measurement of adaptation success, distribution of funding and resources for adaptation, and trade-
offs between mitigation and adaptation (Byskov et al., 2019; Gardiner, 2010; Grasso, 2007; Klinsky et al., 2017; Paavola &
Adger, 2006; Pelling & Garschagen, 2019).

Discussions about justice are usually divided into two main categories of procedural and distributive justice. Proce-
dural justice is about the conditions under which a decision has been reached and it is concerned with fairness in plan-
ning and decision making processes (Törnblom & Vermunt, 1999). In a climate change context, procedural justice is
often measured by the degree of recognition, participation, and transparency in the decision making process
(Schlosberg, 2009). Distributive justice refers to the benefits and risks of activities and how those have been distributed
(Caney, 2005; Konow, 2001). Indeed, procedural justice is important in climate change decision-making, both at the
international level and within a country. Furthermore, procedural and distributive justice are somewhat connected.
That is, power inequalities could result in an unfair allocation of resources and give rise to inequalities and exacerbate
the existing inequalities (Thomas et al., 2019; Thomas & Warner, 2019). As we mentioned in the introduction, this is
one of the reasons that justice needs to be explicitly addressed in climate planning. However, since the focus of the cur-
rent paper is on how the results produced by IAMs can affect the distributions of burdens and benefits (and how to
evaluate the ensuing justice issues), we will only consider distributive justice here. Procedural justice matters in our
argument, in so far as it affects distributive issues, as they will be reflected in the IAMs.

The central goal of distributive justice is to ensure that risks and benefits are distributed in a just manner.1 There
are three central questions in distributive justice, namely what is the shape, unit, and scope of distribution (Bell, 2004;
Page, 2007). In other words, which patterns of distribution do we prefer (shape), what is it that is being distributed
(unit) and to whom does this distribution relate (scope). Regarding the shape, different distributional principles could
be followed (Konow, 2003). A utilitarian principle, for instance, would prescribe a distribution that could maximize the
utility of all, while a Rawlsian model of distribution would aim to help the least well off (Taebi, 2019). The unit ques-
tion, or the question as to what it is that we wish to distribute, could be answered in different ways too. Models often
discuss the distribution of some kind of value, such as economic, values, biodiversity, social values or welfare. Indeed, a
fair distribution of negative outcomes such as vulnerabilities are also important. Both the shape and the unit questions
become more complex when we consider the question of scope or, to whom this distribution relates, both in the spatial
(intra-generational) and temporal (intergenerational) sense. This becomes particularly intricate when we need to con-
sider temporal distribution and the associated intergenerational justice questions. What is it that we can pass on to
future generations, to which future generations do we pass on these units, and what is the moral justification for that
(Campos, 2018; Kermisch & Taebi, 2017; Page, 1999).

IAMs often focus on the aggregation of the outcome, either in a mathematical optimization form, or as utility aggre-
gation of all actors across the entire time horizon (Beck & Krueger, 2016; Kolstad et al., 2014). This view in modeling,
and more generally in the assessment of public policies, stems from consequentialist ethics. According to
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consequentialist theories, one should assess whether good consequences of an action outweigh the bad ones. Utilitarian-
ism, a specific form of consequentialism, is most influential in public policy (Meinard & Tsoukiàs, 2019; Posner, 1979).
Utilitarians aggregate positive and negative consequences in their calculus and they assess the rightness of an action in
terms of whether it manages to maximize utility. The aim of the modeling exercise is then to look for alternative policies
that maximize this aggregated utility. For two reasons, utilitarianism is highly influential in assessing public policy
(Dennig, 2017; Thaler & Hartmann, 2016): it focuses on the aggregate outcome for everybody, and it is based on the pre-
mise of fundamental equality in that everybody counts for one and no more than one in the calculations. The utilitarian
calculus is blind to people's standing, status, income, race, and so on; it presumes a similar utility function (i.e., value
judgments about welfare changes associated with changes in income [or other indicators]) for all individuals. Ironically,
it is the same fundamental equality principle that causes a blind spot for utilitarianism. That is, the distributions of bur-
dens and benefits are not accounted for; all that matters for the evaluation is the aggregation of total outcomes.

Distributive justice matters to IAMs in the spatial and temporal sense. Temporally speaking, we need to consider
what levels of burdens and benefits are being projected into the future (and which futures); this is called inter-
generational justice. This involves, among others, determining the level of preference given to impacts occurring in the
far future, relative to those occurring in the present time or the near future. In climate change planning, this is typically
done through discounting methods (Caney, 2009; Fleurbaey et al., 2014). Most studies related to intergenerational jus-
tice in policy appraisal investigate what the appropriate discount rate are, taking into account the societal and ethical
aspects of decisions (Broome, 1992; Davidson, 2015; Heilmann, 2017).

Spatially speaking, it is important to understand how burdens and benefits are being distributed among the cur-
rently living generation; this is referred to as intra-generational justice. It distinguishes the subjects of distribution based
on their attributes, for instance in how each country contributes to international mitigation efforts (Grubb, 1995;
Heyward, 2007). Intra-generational justice has been at the heart of the developments of the Kyoto Protocol and the
underlying United Nations Framework Convention on Climate Change. Intra-generational justice partitions a popula-
tion based on either their economic conditions (e.g., poor, middle, and rich income households: Krey, 2014; Sayers
et al., 2018), locations (e.g., between different cities in a region: Trindade et al., 2017), social background (e.g., between
men and women in the northern and southern hemisphere; Arora-Jonsson, 2011), or means of economic livelihoods
(e.g., between rice farmers, fruit farmers, and vegetable farmers in the Vietnam Mekong Delta; Smajgl et al., 2015).

3 | REQUIREMENTS FOR INCORPORATING JUSTICE IN MODEL-BASED
CLIMATE PLANNING

We develop requirements to enabling justice reasoning in model-based support for climate adaptation and mitigation
planning. We systematically derive the requirements by identifying ethical imperatives from the three elements of dis-
tributive justice, referring to the unit, scope or shape of the distribution. In the context of model-based planning for cli-
mate change, a first critical step is to clearly delineate the people that might be affected by the alternative policies
(i.e., the scope). Once they have been clearly identified, a subsequent step is to consider the values that they uphold that
might be affected by the policies (i.e., the unit) and to determine an appropriate distribution of these values across the
people (i.e., the shape). We therefore take the scope of the distribution as our point of departure. We specifically start
from theories on intra-generational and intergenerational justice.

We use the XLRM framework (see Figure 1), a commonly used framework for structuring information in model-
based decision support (Kwakkel, 2017; Lempert et al., 2003), to derive the requirements. The XLRM framework

FIGURE 1 The XLRM framework for model-based policy analysis
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consists of four elements. The first element is the external factors (“X”). These are mainly uncertainties that affect the
system but are outside the control of policy makers. The policy levers (“L”) are interventions, in our case mitigation
and adaptation policies, to be evaluated by the model. The relationships in the system (“R”) refer to model structure
and features. The performance metrics (“M”) are outcome variables to be observed. We propose ethical imperatives,
based on intra- and intergenerational justice, for elements within the XLRM framework. Based on the ethical impera-
tives, we derive 11 requirements to allow for justice evaluation as summarized in Table 1. Note that these requirements

TABLE 1 Requirements to enable the evaluation of distributive justice in model-based support for climate planning

Domains of
justice in IAMs

Dimensions of
justice Ethical imperatives Requirements

Extensiveness of application/
discussion in literature

Performance
metrics/
indicators (M)

Intra-
generational

Fair representation of actors
(including acknowledgement of
differentiated capacity, historical
burdens and responsibility,
values, and behavior) and fair
assessment of distribution of
outcomes

1.1 Actor-based
disaggregated metrics

Many IAMs have considered this.

1.2 Value-based
disaggregated metrics

Some domain specific IAMs (such
as flood risk management) still
focus only on one value. Some
IAMs (such as nexus-based study)
have considered multiple values.

1.3 Postprocessing of
actor- and value-
based metrics to
account for
distributive
principles

State-of-the-art approaches for this
are found only in a very limited
number of studies.

Intergenerational 1.4 Time-series metrics Most model-based climate planning
have considered multi-temporal
dimension, and thus time-series
metrics.

1.5 Postprocessing of
time-series metrics to
account for
distributive
principles

Discounting method based on the
Ramsey's equation is widely
adopted. Attempts to use other
discounting alternatives are very
limited.

Relationships in
the system/
model structure
(R)

Intra-
generational

2.1 Disaggregated
representation of
actors and values

Many IAMs have attempted in
having a more disaggregated
representation of the system.

Intergenerational 2.2 Multi-temporal
dimension

Most model-based climate planning
have considered multi-temporal
dimension, some domain specific
models are not multi-temporal.

Policy levers (L) Intra-
generational

Differentiated social vulnerability 3.1 Actor-differentiated
policies

Still fairly limited. Policies are
usually targeted to all actors.

Intergenerational Freedom of choice 3.2 Assessing changes
in policy space over
time

Still fairly limited. Policy space is
assumed to be unchanged for the
entire planning horizon.

Exogenous
uncertainties
(X)

Intra-
generational

Transparency of justice preferences 4.1 Using different
distributive moral
principles to account
for normative
uncertainties

Very limited. Utilitarian is often
implicitly assumed. Few studies
explicitly state this assumption
and test the implications of
adopting different principles.

Intergenerational Fair representation of actors 4.2 Exploring plausible
uncertain changes in
actors' behaviors and
preferences/values

Very limited. Actors behaviors and
preferences are assumed to be
static over time.
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operate on individual models. In practice, there might be flow of justice assumptions from one model to another; for
instance, when some of the inputs to a given model are derived from the results of other models. In the subsequent sub-
sections, we organize the discussion by first presenting requirements related to intra-generational justice (requirement
1.1–1.3, 2.1, 3.1, and 4.1) and then requirements related to intergenerational justice (requirement 1.4–1.5, 2.2, 3.2,
and 4.2).

3.1 | Requirements from intra-generational justice

Accounting for intra-generational justice means acknowledging all actors who are affected by the climate planning
problem as well as the existing injustice among them, and assessing the distribution of impacts between them on the
basis of fairness. To realize these imperatives, one has to first understand the properties of the climate planning prob-
lem for which the model is being used. We propose two properties as relevant. The first property relates to a typology of
actor representation as illustrated in Figure 2. The ethical imperative of fair representation of actors implies that the
model structure of IAMs should allow for justice assessment among values, that is, the unit of the distribution (require-
ment 1.2, e.g., balance between impacts to economic and environment) and assessment of the distribution of these
values between actors, that is, the scope of the distribution (requirement 1.1, e.g., economics performance across differ-
ent districts). Some IAMs, however, combine diverse actors into a single representative agent and consider only a single
value. Such model structures can be found in many IAM categories ranging from optimization-based IAMs for global
mitigation (de Bruin et al., 2009; Nordhaus & Boyer, 2000) to simulation-based IAMs for local adaptation (Gohari
et al., 2017; Hidayatno et al., 2017). In other studies, multiple actors are already explicitly represented and multiple
values are also evaluated (Conway et al., 2015; Manne & Richels, 2005).

The second property of climate planning problems relates to how policies are designed and evaluated. Broadly
speaking, there are two approaches (Beck & Krueger, 2016; Herman et al., 2015): having a set of prespecified alternative
policies or using optimization to design policies. The way in which policies are generated affects how the distribution of
outcomes is treated (requirement 1.3). If policies are prespecified, which is the case for most simulation-based IAMs,
the function of IAMs is to rank policies based on their performance. Accordingly, evaluation of justice can only be per-
formed a posteriori, that is, after the performance of the policies has been calculated. This requires postprocessing of
performance metrics, either by aggregating them into a single composite indicator (Chung & Lee, 2009; Luis
et al., 2019), or by keeping them separate and evaluating trade-offs among them (Garner et al., 2016; Haasnoot
et al., 2012). If policies are found through optimization, evaluation of justice can be included not only a posteriori, but
also a priori in how the optimization problem is formulated (Ciullo et al., 2020; Gourevitch et al., 2020; Wild
et al., 2019).

Explicitly specifying performance metrics for multiple actors and for diverse values implies two additional require-
ments (both encapsulated in requirement 2.1). First, in order to ensure a just representation of actors, one has to under-
stand the heterogeneity of actors' background and behaviors, and accordingly represent this heterogeneity in the
model. For instance, in models used to support adaptation planning for farmers, one has to specify the economic
(e.g., small-, medium-, or large-scale) and social background (e.g., traditional and risk-averse, or modern and risk-taker)
of the farmers, and identify the heterogeneity of the farmers' behaviors depending on their background. Accounting for
heterogeneity is also useful for addressing corrective and compensatory justice (Ikeme, 2003; Page & Heyward, 2016),
for instance by incorporating historical emission accountability or harm already done by climate impacts, although
efforts to do so are only recently growing (Schinko et al., 2019). The second requirement is that the model has to be able

FIGURE 2 Typology of actor representation in model-based support for

climate planning
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to quantify the diverse values that the different actors cherish (e.g., economic, biodiversity, and social). This entails
including multiple subsystems and hence the corresponding cross-sectoral interactions between them (Harrison
et al., 2016; Verburg et al., 2016).

The design and evaluation procedure of alternative policies induces two further requirements. The first requirement
is related to the subject of the policies (requirement 3.1). A policy can be designed to target either all actors simulta-
neously (García-Muros et al., 2017) or only some specific actors (Fell & Linn, 2013; Mérel & Wimberger, 2012). From a
justice point of view, as is the case in the broader climate justice discussion (Grasso, 2010), it is imperative to treat each
actor differently based on his/her capability and vulnerability, and (historical) injustices among them. However, from a
model-based policy analysis point of view, actor-specific policies and optimization for individual actors could lead to
unintended consequences where a policy applied to one actor induces detrimental impacts to other actors (Ciullo
et al., 2019; Fowlie & Muller, 2013).

The second requirement is related to the reflection on the distributive moral principles, that is, the shape of the distri-
bution, used to assess the distribution of the disaggregated metrics (requirement 4.1). When aggregating multiple perfor-
mance metrics, or embedding them in an optimization problem, certain moral principles are (implicitly) used, such as
utilitarian-based maximization of overall welfare (Eijgenraam et al., 2016; S�aez & Requena, 2007), egalitarian-based
equalization of costs and benefits to all actors (Ciullo et al., 2020), or Rawls' difference principle of improvement for the
least well-off (Dennig et al., 2015; Gold et al., 2019; Gourevitch et al., 2020). The implicit adoption of a moral principle
conceals the social justice preferences of the modelers and thus reduces the transparency of the model. Furthermore,
social justice preferences are specific in space, time, and contexts (Bell, 1993; Lau et al., 2021; Van Hootegem et al., 2020).

The diversity of moral principles can become a source of contestation among stakeholders (Hulme, 2009;
Okereke, 2010). This is particularly evident in studies that use IAMs for supporting mitigation planning. Here, the
choice of the guiding principles in allocating mitigation budgets and in calculating aggregate welfare strongly affects
the distributional outcomes across nations (Adler et al., 2017; Höhne et al., 2014; Peters et al., 2015; Robiou du Pont
et al., 2017). Shifting from people-based equity allocation to “blended” sharing principles, for instance, implies a reduc-
tion of the required mitigation rate by around 60% for North American countries, while increasing it by almost 50% for
African countries (Raupach et al., 2014). In this domain, the arbitrary use of certain distributive principles without
proper ethical justification has been criticized (Kartha et al., 2018). The diverse preferences of moral principles are also
a manifestation of ethical uncertainty, as different moral principles illuminate different ethical issues at stake (Taebi
et al., 2020). Hence, it is useful to simultaneously explore multiple moral principles when comparing alternative
policies.

3.2 | Requirements from intergenerational justice

We identify five requirements grounded in intergenerational justice. The first two requirements are rooted in the imper-
atives of the fair representation of future generations and the fair assessment of the distribution of impacts on them, as
well as fair accounting of past injustices to address corrective and compensatory justice. The two requirements are the
disaggregation of performance metrics across time and the postprocessing of such time-series metrics (requirement 1.4
and 1.5). Discounting methods are often used to aggregate time-series metrics by weighing impacts that occur in the
future in comparison to impacts that occur now (Heal, 1997).

As for the third requirement, in order to output time-series metrics, the model needs to have a temporal dimension,
so that impacts can be observed over time (requirement 2.2). Many climate mitigation IAMs on global and national
scales are already multi-temporal in nature (Nordhaus & Boyer, 2000; Popp, 2004; Stehfest et al., 2014). Conversely,
many simulation-based IAMs for local scale adaptation, such as those in the domains of flood risk management (Hsu
et al., 2011; Triet et al., 2018) and agricultural management (Audsley et al., 2008; Münier et al., 2004), are often not
multi-temporal. This does not necessarily mean that they cannot be used for calculating impacts across time. Such
models can be run in a multi-temporal fashion. For instance, an inundation model can be run for multiple points in
time in the future so that the model can still produce intertemporal outcomes.

The fourth requirement relates to policy lock-ins and lock-outs and how this reduces the set of possible policies
available to future generations (requirement 3.2). This requirement stems from a moral duty to promote inter-
generational freedom of choices, that is, preserving the range of choices that future generations would still have to pur-
sue a good life (Barry, 1997; Karnein, 2015). In climate change planning, the choice of implementing certain
interventions at a particular point in time in combination with the unfolding exogenous changes may create lock-ins
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that prevent the execution of other interventions in the future (Haasnoot et al., 2020; Savini et al., 2015). Furthermore,
some policies such as infrastructure development, are largely irreversible, although the degree to which irreversibility is
acceptable is subject to ethical questions (Barry, 1997). Model-based support for climate planning often focuses solely
on the outcomes calculated by the model while disregarding the potential lock-ins arising from those actions (Haasnoot
et al., 2019). On an abstract level, it is worth noting that value judgments still need to be made in determining how
much and what kind of freedom we should leave for future generations.

The fifth requirement arises from the fact that we do not know the values that future generations will uphold.
Hence, in order to have a fair representation of future generations, we need to explore plausible value changes (require-
ments 4.2). As argued by Padilla (2002) and Taebi et al. (2020), accounting for intergenerational justice requires one to
acknowledge that the values of the current generation cannot simply be assumed to also hold for future generations.
Furthermore, the values that people uphold in turn influence how they behave under different circumstances
(Ajzen, 1991). For example, if we look at the evolution of water management practices in the Dutch delta, we see that
in the early 20th century flood safety was the sole objective. This started to change in late 1960s, when ecological dam-
ages resulting from dams closing made environmental concerns an additional objective of the water management
(Correljé & Broekhans, 2015). In addition to uncertainties pertaining social aims of future generations, there also exists
uncertainties in what distributive principles future generations will prefer—coined as evolutionary normative uncer-
tainties (Taebi et al., 2020).

4 | RECENT PRACTICES IN INCORPORATING JUSTICE IN MODEL-BASED
CLIMATE PLANNING

In this section we review the degree to which the various requirements are being addressed in recent model-based cli-
mate planning studies. We conducted the review by looking at how recent IAMs from various scales, domains, pur-
poses, and use-cases are meeting the requirements. We complemented this with requirements-specific keywords
search, such as “discounting” for the postprocessing of time series metrics requirement (requirement 1.5), in order to
find seminal publications. We then applied a snowball literature review approach starting from the seminal publica-
tions. Requirements related to performance metrics (“M” in Table 1) and model structure (“R” in Table 1) are increas-
ingly being met.

4.1 | Disaggregation of performance metrics and systems representation

Requirements 1.1, 1.2, and 2.1 relate to the disaggregation of actors and values. One of the earliest efforts to disaggre-
gate the representative agent assumption is in IAMs used for cost–benefit analysis in mitigation planning. The RICE
model modifies the DICE model by dividing the world into 10 different regions (Nordhaus & Yang, 1996). This study
was controversial as it revealed that high-income countries would be the main losers from cooperative policies. Later, it
was found that this emerged because RICE was using the same diminishing marginal returns to income for all regions
(Aronsson et al., 2010; Stanton, 2011). This makes shifting income from richer regions to poorer ones a preferable pol-
icy, as this increases total welfare. Furthermore, spatial disaggregation of actors in global IAMs also entail formulating
regionally differentiated climate damage functions (Diaz & Moore, 2017; Nordhaus, 2014), the use of which is still sub-
ject to ethical criticisms (Pezzey, 2019; Pindyck, 2017). This illustrates the nontriviality of disaggregating the representa-
tion of actors within a model.

Twenty years after the RICE study, the importance of disaggregating performance metrics and actor representation
is again emphasized by IAMs in various categories. In the local adaptation domain, Aerts et al. (2018) distinguish agents
in flood risk assessment based on their economic, social, geographic, and cultural background. Such distinctions are
important for assessing distributional impacts as well as having a better representation of people's behavior to flood
risk. To represent values heterogeneity, a regional adaptation simulation model developed by Harrison et al. (2016)
explicitly considers cross-sectoral interactions between different domains in order to calculate 14 metrics of climate
impacts on different values a society cherishes. The system dynamics modeling formalism has also been widely used for
such multi-value analysis both for global mitigation and local adaptation purposes (Agusdinata, 2008; D'Alessandro
et al., 2020; Walsh et al., 2017), especially due to the straightforwardness of constructing feedbacks among distinctive
variables (Akhtar et al., 2013; Kelly et al., 2013). A systems-of-systems and coupled components modeling framework
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has also been proposed for accounting for multi-value multi-sector studies (Little et al., 2019). Red flags about such a
framework, however, have been raised due to the potential technical and conceptual misalignments when one starts to
couple models from different paradigms (Voinov & Shugart, 2013).

Rao et al. (2017) summarize the challenge of disaggregation of system representation and performance metrics, with
a focus on IAMs used for supporting mitigation planning. They discuss state of the art practices for such disaggregation
and future research directions to improve model outputs and model features. In line with the requirements proposed in
this study, they suggest that in the future, outputs of models used for supporting climate change planning should con-
sider multi-dimensional indicators and distributional impacts. To realize this, the model structure should reflect hetero-
geneity of household groups and sectoral impacts.

4.2 | Postprocessing for intra-generational justice

Disaggregating performance metrics results in a substantially higher number of metrics to be evaluated. There are two
approaches for appraising high dimensional model outputs (requirement 1.3): calculating composite indicators or keep-
ing the metrics separate. The first approach imposes an aggregation function on multiple performance metrics in order
to transform them into a single overarching metric (Sikdar, 2009). Aggregation functions derived from welfare theory,
so called social welfare functions (SWFs), are often used especially in IAMs for mitigation planning and burden sharing
(Adler et al., 2017; Botzen & van den Bergh, 2014; Fankhauser et al., 1997). One of the most widely used SWFs is the
utilitarian welfare function (Millner, 2013). This is an additive function where one performs linear aggregation across
the utility of all individuals. Other SWFs, such as the Bernoulli–Nash (Cobb–Douglas) welfare function, have a multi-
plicative property instead.

It has been argued that both the utilitarian and Bernoulli–Nash SWFs neglect equity and fairness, as they aim to
maximize the total welfare while ignoring its distribution (Tol, 2001; Tol et al., 2004). Equity weighting functions have
been proposed to overcome this limitation (Anthoff et al., 2009; Hope, 2008). An example of an equity weighting SWF
is the Negishi welfare function (Stanton, 2011), which attaches equity weights to individuals inversely proportional to
their marginal utility of consumption. Adler et al. (2017) introduce the prioritarian SWF, where the original utility of
individuals is transformed using a strictly increasing and concave function, thus giving more weight to the increase in
utility of worse-off individuals. Different composite indicators can also be used simultaneously. For example, Huang
et al. (2019) evaluate the implications of alternative carbon emissions trading systems in China by assessing the change
in the aggregate household income, Gini coefficient, and the Oshima inequality index. While the use of equity
weighting SWFs is prominent in global and regional optimization-based IAMs, their uptake in simulation-based IAMs
is still limited (see e.g., Kind et al. (2017) for an example of the use of equity weighting functions in model-based adap-
tation planning). The use of composite indicators is more prevalent in simulation-based IAMs (e.g., Balica et al., 2012;
Koks et al., 2015).

The second approach to deal with disaggregated metrics is by keeping them separate. This is because when using
aggregation approaches, one risks having a subset of performance metrics dictating the overall performance of a pol-
icy, without knowing a priori which one will be the dictatorial metric (Franssen, 2005). Hence, some authors appeal
to keeping the metrics disaggregated (Kasprzyk et al., 2016; Machado & Ratick, 2018; Watkiss, 2011). This approach
is often found in simulation-based IAMs. For instance, Ahmed et al. (2017) assess the performance of alternative
adaptation pathways for the western Ganges floodplain based on both their effectiveness in reducing flood risk, their
impacts on economic development, and their sociopolitical feasibility. The advancement in many-objective optimiza-
tion has contributed to the uptake of the disaggregated metrics approach in simulation-optimization IAMs. As an
example, Trindade et al. (2017) combine both actor and value-based metrics in designing drought adaptation strate-
gies for North Carolina. They consider the trade-offs between three different values: the reliability of water reservoir,
the use of restricted water stock, and the total drought management cost, across four different water utilities
(i.e., actors).

4.3 | Postprocessing for intergenerational justice

Using time-series metrics is an obvious way to represent impacts over time. However, instead of treating them as the
dynamics of impacts over time, time-series metrics are often aggregated into a net present value. This is because such
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an aggregation results in a complete ranking of alternative policies, making comparison between policies easier.
Ramsey's social discount rate is the most popular methods for doing this (Baum & Easterling, 2010; Stanton
et al., 2009). Ramsey's social discount rate contains assumptions on how to weight impacts experienced by future
generations. These assumptions are susceptible to empirical and normative uncertainties (Arrow et al., 2012;
Storm, 2017). The empirical uncertainties mostly relate to the assumption of the welfare growth rate of future gener-
ations. The normative uncertainties concern ethical disagreements on how future generations should be valued in
present day decision-making.

The normative and empirical uncertainties associated with Ramsey's social discount rate are often disregarded both
in global IAMs for supporting mitigation planning, and in local and national IAMs for adaptation planning (Ackerman
et al., 2009; De Cian et al., 2018). There are a few exceptions. Arrow et al. (2014) suggest using a declining discount rate
for long-term governmental projects. Heal and Millner (2013) aggregate heterogeneous discount rates from actors with
different pure rate of time preferences and explore several conditions that have to be met for the approach to be morally
justifiable and analytically consistent. As illustrated by these examples, innovations in discounting are mostly found in
methodological-focused studies using optimization-based IAMs for setting global mitigation target. Their uptake in -
simulation-based IAMs for adaptation planning is still fairly low.

4.4 | Design of policies

Only recently, actor-differentiated policies are being considered in IAMs (requirement 3.1). This is mostly found in
simulation-based IAMs for local adaptation that use either spatially explicit coupled components or agent-based model-
ing formalisms. For example, Andrée et al. (2017) evaluate alternative subsidy schemes to support the cultivation of bio-
fuel crops in the Netherlands. Rather than applying a homogenous subsidy scheme to all farmers, they propose
heterogeneous subsidy schemes based on the farmers' biophysical and economic production factors. Jafino et al. (2019)
evaluate the efficacy of actor-differentiated soft policies, such as zoning policies, in addition to both aggregate and
actor-differentiated hard infrastructure policies in a hypothetical delta planning. Actor-differentiated policies are only
recently being adopted in IAMs operating at a larger scale, as exemplified by Stiglitz (2019) who applies a heteroge-
neous sector-specific carbon pricing mechanism for climate mitigation.

A recent innovation regarding policy specification is the explicit consideration of path dependency (require-
ment 3.2). Path dependency means that the initial action shapes the set of actions available in the future. The
adaptation pathways approach attempts to include a path dependency analysis, and is often being used in combi-
nation with model-based decision support tools (Haasnoot et al., 2013). The final product of this approach is an
adaptation pathways map; a metro-map like overview of alternative sequences of adaptation actions that could be
taken in the future conditional on how exogenous conditions unfold. Path dependency and lock-in effects could
be intrinsically considered when constructing adaptation pathways, or—as inspired by the significance of measur-
ing flexibility in strategic planning (Rosenhead, 1980; Rosenhead et al., 1972)—explicitly quantified through the
concept of “transfer costs” (Haasnoot et al., 2019). The adaptation pathways approach has been predominantly
used in national and local scale IAMs in water and energy domains (de Ruig et al., 2019; Michas et al., 2020;
Radhakrishnan et al., 2017).

5 | FUTURE RESEARCH AGENDA

Here, we discuss three promising research directions based on requirements that have received only limited atten-
tion so far. A first research direction concerns postprocessing for intra-generational justice. Requirement 1.3 on
actor specific and value-based metrics, and the related requirement 4.1 on using multiple moral principles side by
side, are both concerned with enabling the making of an informed choice among different alternative policies
and social justice preferences. Neither requirement has received much attention. A second research direction is
the processing of time series metrics, which is fundamental for intergenerational justice (requirement 1.5). While
alternative discounting methods are being discussed at a theoretical level for global mitigation IAMs, their uptake
in other types of IAMs is still limited. A third research direction is the explicit consideration of uncertainties in
future actors' behaviors and preferences (requirement 4.2), as most studies still assume static behavior and
preferences.
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5.1 | Using moral principles to process actor- and value-based metrics

The goal of postprocessing disaggregated metrics (requirement 1.3) is to evaluate policies based on certain distribu-
tive principles. The main question is how one can make an informed choice among alternative policies based on
their efficacy as estimated by IAMs, whereas the efficacy is evaluated based on how the policies satisfy the diverse
values the society cherish and how the distribution of the impacts looks like. This question is also at the heart of
social choice theory (Suzumura, 2001): how can one combine preferences and interests of diverse individuals?
Therefore, methods and techniques from social choice theory, some of which exemplified in Table 2, are useful.
From Table 2 it is evident that applications of aggregation-based SWFs are mainly found in optimization-based
IAMs for mitigation planning while applications of disaggregation approaches are mainly found in simulation-based
IAMs for adaptation planning.

There are two challenges in adopting techniques and methods from the social choice & welfare theory. The first
challenge is correctly applying multiple distributive moral principles and interpreting their relevance and policy impli-
cations (requirement 4.1). The utility-maximizing principle is the most widely used in climate planning. Other ethical
principles, such as prioritarian and Rawlsian maximin, have been applied in only a few studies. There are also
ethical principles that have been argued to be relevant for climate planning, but to our knowledge have never been
applied in model-based climate planning studies, such as the sufficientarian SWF. It is also important to note that any
welfare function makes value judgments about welfare changes associated with changes in income (or other indicators).
The task of an analyst working with a computational model is not to make such value judgments, but to shed light on
the ethical underpinnings behind the aggregation approaches as well as their corresponding consequences (Kartha
et al., 2018).

The second challenge is selecting or developing an appropriate operationalization of the chosen moral principle for
model-based support for climate planning. Any social welfare function has certain requirements and assumptions that
limit the scope of its application. For example, the greatest unhappiness for the least number principle assumes
“ordinally measurable and interpersonally non-comparable utilities” (Bossert & Suzumura, 2017). One has to make sure
that the model outcomes and the nature of the problem do not violate the limitations posed by the social welfare func-
tion. Making these limitations and assumptions explicit and ensuring that the setup of the model-based support tools
complies with the limitations of the moral principle are essential to ensure the validity of the chosen social welfare
function.

5.2 | Using alternative methods for dealing with time-series metrics

There are two options related to the processing of temporally disaggregated metrics. The first one is using alternative
discounting methods. Multiple alternatives to Ramsey's social discount rate have been proposed recently at a theoretical
level: sustainable discounted utilitarianism, rank discounted utilitarianism, the Calvo criterion, and the Chichilnisky
criterion (Asheim, 2017). Sustainable discounted utilitarianism discounts the utilities of future generations if and only
if they are better off than the present generation (Asheim & Mitra, 2010). In rank discounted utilitarianism, utilities of
different generations are discounted not based on the order of time of their occurrence. Rather, the utilities are first
reordered based on their magnitude, and then the discount rate is applied based on this rank-ordered list (Zuber &
Asheim, 2012). The Calvo criterion is built upon the maximin SWF (Calvo, 1978). It aggregates time-series metrics
based on the minimum of the altruistic welfare calculated from the standard social discount rate. The Chichilnisky cri-
terion applies a convex function to the net present utility generated by standard discounting and the limit of trans-
formed well-being (the generalized utility).

The second option, proposed by Heilmann (2017), is abandoning discounting altogether, and going for alternative
frameworks that are less vulnerable to normative uncertainties. To this end, one can draw from the disaggregation
approaches as used for intra-generational justice. Specifically, one can perform an inter-temporal trade-off analysis by
calculating net present values for the different generations independently. This results in having multiple net present
values belonging to different generations instead of a single overarching net present value as is the case in discounting
methods. By following this approach, intergenerational trade-offs can be explicitly assessed. The methodological issue
to this lies in determining the time horizon of a single generation due to the transgenerational community phenome-
non (Campos, 2018; Gosseries, 2008); people live not within a particular generation, but within overlapping generations
that encompass others who are born earlier or later.
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TABLE 2 Methods and techniques from the social choice and welfare theory that are applicable for processing disaggregated metrics

Approaches Sub-approaches
Methods and
techniques

Sources for theoretical
development

Examples of applications
in climate change planning

Aggregation SWFs that have been applied Utilitarian WF Adler (2019); Botzen and
van den Bergh (2014);
Sen (2018)

Kind et al. (2017);
Nordhaus (2011); Tol
et al. (2004)

Negishi weighting Negishi (1972) Stanton (2011); Yang and
Nordhaus (2006)

Prioritarian WF Boadway and
Bruce (1984);
Parfit (2012)

Adler et al. (2017); Adler and
Treich (2015); Gourevitch
et al. (2020)

Bernoulli–Nash WF Boadway and
Bruce (1984); Nguyen
and Rothe (2014)

Fankhauser et al. (1997); Tol
et al. (2004)

Rawlsian maximin
WF

Rawls (1974) Botzen and van den
Bergh (2014); Tol
et al. (2004)

Egalitarian WF Kolm (1977); Pazner and
Schmeidler (1978)

Dietz and Asheim (2012);
Kind et al. (2017)

SWFs that have not been applied
and are potentially useful

Weighted utilitarian
WF

Baron (1994) -

Relative egalitarian
WF

Sprumont (2013) -

Sufficientarian WF Shields (2012) -

The greatest
unhappiness of
the least number

Bossert and
Suzumura (2017)

-

Leximin Barbarà and
Jackson (1988)

-

Relative utilitarian
WF

Dhillon and
Mertens (1999)

-

Inequality indicators that have
been applied

Gini coefficient Gini (1936) Taconet et al. (2020); Van
Ruijven et al. (2015)

Oshima inequality
index

Oshima (1970) Huang et al. (2019)

Poverty indices Sen (1997) Rao (2013)

Inequality indicators that have not
been applied and are potentially
useful

Generalized entropy Cowell and
Flachaire (2015)

-

Mean deviation Cowell and
Flachaire (2015)

-

Distributional
dominance
comparison

Cowell and
Flachaire (2015)

-

Envy measures Bosmans and
Öztürk (2018);
Konow (2003)

-

Dis-aggregation Disaggregation approaches that
have been applied

Pareto optimality Cohon and Marks (1975);
Deb and Saxena (2006)

Kasprzyk et al. (2013);
Kasprzyk et al. (2016)

Disaggregation approaches that
have not been applied and are
potentially useful

Judgment
aggregation
theory

List (2012) -
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5.3 | Incorporating uncertainties in human behaviors and values preferences

A key requirement from an intergenerational perspective is guaranteeing a just representation of future generations by
understanding the changes in their background, behaviors and values over time, which are uncertain by nature
(requirement 4.2). This leads to two research challenges. The first one relates to the two properties of actor heterogene-
ity as presented in Figure 3: internalizing changes in actor group membership and actor behaviors. The relative mem-
bership proportion of each actor group refers to the distributional mix of the groups in the model (e.g., 60% poor, 30%
middle-class, 10% rich agents), while the behavior is the actions and/or decision-making processes of each actor group
in the model. The relative proportion and the behavior of each group can be either static or dynamic over time. When
static properties are assumed, the proportion and behavior of each actor group remain unchanged for the entire simula-
tion horizon (e.g., the distribution of poor, middle-income, and rich agents in the model remains constant at 60, 30, and
10% respectively). Conversely, dynamic properties imply that the properties may change over time. The dynamics can
be represented as either exogenous (represented as uncertain forcings to the model) or endogenous (change due to
internal processes within the model). This can be achieved, for instance, by drawing from theories of behavioral eco-
nomics and cognitive psychology (Mathias et al., 2020; Schill et al., 2019).

Many optimization-based IAMs are located in the bottom left region of Figure 3 where, for instance, adaptation
behavior is considered to be constant over time (Füssel, 2010b; Schneider & Lane, 2005). Simulation-based IAMs,
especially those with explicit individual actors representation such as microsimulation and agent-based models, have
to some extent dynamic-exogenous representation of group proportion (e.g., Hallegatte & Rozenberg, 2017). Moving
to the top right corner of the diagram poses an ethical trade-off. Modelers have to know, or at least assume how
future generations would change their behavior under different circumstances (Sondoss et al., 2020). Such a pre-
sumptuous approach might increase the epistemic uncertainties in the model (Vezér et al., 2018). The approach
might underestimate the uncertainties of human behavioral systems and hence limit the potential representation of
future generations.

The second research challenge is incorporating uncertainties in the future generations' values. Selection of values to
be considered is inevitable in model-based support for climate planning. The selection is often grounded in the observed
behavior of actors. However, as is the case with other uncertainties, there is no guarantee that the historical observation
will still hold true in the future, due to the prevalence of contextual factors and shocks (Bednar et al., 2015). Value
change theories provide alternative modes—such as emergence of new values, changes in relevant values, and changes
in the relative importance of different values—that could be a starting point to operationalize uncertainties in future
values (Demski et al., 2015; van de Poel, 2018). It is important to re-emphasize that exploration of plausible value
changes is not only about what societal aims future generations will value. What distributive moral principles they will
prefer and apply are also subject to uncertainties. This highlights the importance of using multiple moral principles in
model-based planning for climate change.

FIGURE 3 Representation of actor heterogeneity in IAMs
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5.4 | Priority issues for different types of models

While pursuing the three research items above would improve our abilities for assessing distributive justice, the
urgency, relevance, and difficulty of each research item differ across the different types of IAMs. The mainstreaming of
alternative moral principles in simulation-based IAMs, especially those used for adaptation planning, is fairly straight-
forward. It is a low-hanging fruit that can yield high societal impacts as more local- and national-level adaptation plan-
ning processes are supported by such models (Palutikof et al., 2019). Similarly, the use of multiple social discount rates
in IAMs for supporting mitigation planning can be a short-term priority, owing to the recent theoretical developments
of alternative social discounting frameworks (Asheim, 2017). Disaggregation approaches, both in dealing with actor-
based and time-series metrics, are easier to implement in simulation-based IAMs. For optimization-based IAMs,
adopting disaggregation approaches requires reformulating the internal model structure into a multi-objective optimi-
zation framework. This is even more challenging for IAMs that use multiple, recursive, and/or intertemporal optimiza-
tion routines in their current structure (see Keppo et al., 2021 for examples of such models). Finally, incorporating
uncertainties in human behaviors and value preferences is a hard problem especially for global optimization-based
IAMs. This research item is more manageable in simulation-based IAMs for supporting smaller-scale (e.g., local or
national) adaptation planning, as in-depth conceptual exploration of plausible value changes can be included in for
example, a participatory model building process.

6 | CONCLUSIONS

Despite the mounting evidence of the importance of including justice in climate planning, and despite advances in the
complexity of model structure, the degree to which justice deliberation can be facilitated by model-based support tools
is still fairly limited. Grounded in theories of justice, this review paper contributes to the literature by systematically
constructing requirements for IAMs in order to allow for justice evaluation. The requirements are derived from ethical
imperatives rooted in two conceptions of distributive justice, namely intra-generational (between people in the same
generation) and intergenerational (between different generations) justice. Eleven requirements are proposed and struc-
tured based on the XLRM framework. This systematic operationalization of climate justice into requirements for
model-based climate planning, along with a review of the degree to which these requirements are receiving attention in
the literature, helps us in understanding where we stand with respect to methodically considering justice in model-
based climate planning and how we can move forward.

Requirements associated with model structure (“R” in the XLRM framework) and performance metrics (“M”) have
largely been satisfied. These requirements are mainly concerned with the disaggregation of system representation by
accounting for different actors and different values that the actors cherish. By explicitly modeling different actors and
values, modelers and planners can observe the distributive impacts of policies on each actor and value. An assessment
of intra-generational justice can then be made based on a given moral principle. In addition, by using IAMs in a multi-
temporal fashion, modelers and planners can observe the expected impacts to future generations.

Three directions for future research have been proposed. The first one is the (post)processing of actor- and value-
based disaggregated metrics through the use of methods and techniques from the social choice and welfare theory. It is
important to recognize that behind the seemingly neutral term of “postprocessing,” there exists various ethical princi-
ples that reflect what society considers to be fair distributional outcomes. The second direction is the processing of tem-
porally disaggregated metrics. This study has presented alternative discounting methods that are currently
underexplored, as well as other alternatives for dealing with time-series metrics aside from using discounting methods.
The third one is incorporating uncertainties in human values and behavioral systems with a higher granularity. This
can be done by making value and behavioral changes an internal process in the model, although it comes at the
expense of increasing normative uncertainties. These three challenges are rooted in the need to deal with the plurality
of social justice preferences and values both now and in the future.

The requirements put forward in this paper are relevant to two different bodies of literature. In the climate justice
literature, hitherto, the role of IAMs has not previously been discussed as a separate domain of climate justice requiring
its own sphere of discussion (Byskov et al., 2019; Gardiner, 2010). Building on Beck and Krueger (2016), we argue that
many justice considerations are actually intrinsic to IAMs and therefore require specific attention. With respect to the
IAM literature, many of our findings support past suggestions on how to improve the quality of IAMs (Rao et al., 2017;
Schneider, 1997; Stanton et al., 2009). Past works within this body of literature, however, focused only on how the

14 of 23 JAFINO ET AL.



design of the model structure and the specification of model outcomes could be improved to account for heterogeneity,
and how implicit assumptions embodied within a model could be made explicit. While this, to some extent, enables
evaluating distributive justice, here, we expand on this by highlighting the necessity of caring for how model outcomes
should be evaluated, how policies should be designed, and what external uncertainties should be addressed.

Lastly, it is important to acknowledge that serious ethical concerns can be raised regarding whether numbers
calculated by models can ever be used to meaningfully anticipate future injustices. In developing more detailed
models, one needs to gather more data or make more heroic assumptions, which subjects the model to more uncer-
tainty (Saltelli et al., 2020). In mitigation-based IAMs, for example, there are ethical controversies regarding the
applicability of climate damage functions (Pezzey, 2019). This is further complicated by the presence of deep uncer-
tainties pertaining future climate change and how climate-sensitive systems respond to it. Given the many assump-
tions, one may legitimately ask 'Up to how many digits are the numbers produced by the model significant?'
(Benessia et al., 2016). Another reason for caution is the plausible adverse impacts of quantification, for example
blind trust in numbers. If decision-making authority is fully outsourced to number-based analysis, information on
who wins and who loses could be gamed and abused (Aodha & Edmonds, 2017; Saltelli, 2020), and thus produces
further injustices. Improving the institutions within which models are used has been proposed as an alternative
solution for ethics of quantification (Saltelli, 2020). Similarly, in the context of planning for just adaptation and miti-
gation, climate justice should not be viewed only through numbers calculated by a set of tools. A more comprehen-
sive account of justice in model-based climate planning could involve the incorporation of ethical imperatives from
other views of justice—such as procedural justice in participatory modeling.
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