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Abstract

This paper examines how optimal carbon prices that ignore intratemporal inequality
compare to optimal carbon prices that account for inequality and the distribution of the
costs and benefits of reducing emissions. Using a theoretical model, I identify plausible
conditions under which accounting for inequality increases optimal emission reductions
in the absence of international transfers. In numerical simulations with the integrated
assessment model RICE, I find that accounting for inequality results in lower optimal
global emissions, both if carbon prices are allowed to be regionally differentiated and
if they are constrained to be globally uniform. I then assess how the Paris Agreement
transfer of $100 billion per year affects optimal carbon prices. I find that optimal
emission reductions increase considerably if the transfer is used to finance mitigation

projects in developing countries.
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1 Introduction

The distributional effects of climate change and climate policies are at the heart of interna-
tional climate change negotiations. Central to these debates are inequalities in the impacts
of climate change, the responsibilities for causing it, and the capabilities to mitigate and
adapt to it—aspects that are all interlinked with global wealth inequality (Chancel et al.,
2023). International agreements suggest that there is a political consensus to account for
these inequalities in international climate policy. This is exemplified by the principle of
“common but differentiated responsibilities and respective capabilities, in the light of dif-
ferent national circumstances” of the United Nations Framework Convention on Climate
Change (UNFCCC, 2015). Moreover, the Paris Agreement highlights that developed coun-
tries should take the lead in reducing emissions and support developing countries in their
transitions to low-carbon economies, emphasizing the necessity of incorporating the principle
of equity and the goal of poverty eradication into climate policy (UNFCCC, 2015). In this
context, international climate finance has become a central topic in recent meetings of the
Conference of the Parties (UNFCCC, 2015; UNFCCC, 2023).

Despite the importance of inequalities and climate finance in international climate policy,
the conventional, positive approach to optimal climate policy effectively ignores intratempo-
ral inequality by maximizing a social welfare function (SWF) with Negishi welfare weights,
making the distribution of the costs and benefits across countries irrelevant and leaving no
role for climate finance (Yang and Nordhaus, 2006). In contrast, an alternative, normative
approach focuses on maximizing global welfare (Budolfson et al., 2021). Invoking the ethical
principle of impartiality, this approach commonly maximizes the equally-weighted utilitarian
SWF (subject to constraints on international transfers), which accounts for the diminishing
marginal utility of consumption and intratemporal inequality.

The important implication is that the distribution of the burden of abatement costs and
climate damages across rich and poor countries matters under the normative approach, while
it is irrelevant under the positive approach. This difference is particularly important since
poor countries tend to be disproportionately harmed by climate change (Burke et al., 2015;
Hallegatte et al., 2014; Kalkuhl and Wenz, 2020; Mendelsohn et al., 2006; Oppenheimer
et al., 2014).

This paper asks how optimal carbon prices that ignore intratemporal inequality compare
to optimal carbon prices that account for inequality and the distribution of the cost burden of
mitigation and climate damages. I address this question first in the absence of international
transfers, before allowing for international transfers to finance mitigation in recipient regions,

thereby affecting the distribution of the cost burden of mitigation and, consequently, optimal



carbon prices. Seeking to inform ongoing international climate change negotiations, I focus
on examining the effect of a total transfer of $100 billion per year by 2025, and rising
thereafter, which developed countries have committed to mobilize at the Conferences of the
Parties in Copenhagen and Paris (UNFCCC, 2009; UNFCCC, 2015). I study these questions
both theoretically using an analytical model as well as through numerical simulations with
the integrated assessment model (IAM) RICE.

I structure the analysis into two parts. First, I ignore international transfers and explore
how the optimal carbon prices under the Negishi approach compare to the optimal carbon
prices under the utilitarian approach with constraints on transfers. I refer to the carbon
prices under the utilitarian solution as welfare-maximizing carbon prices to highlight that
they maximize the (unweighted) sum of individuals’ utilities!. I start by imposing the same
two constraints on the utilitarian optimization that are implicit in the Negishi solution: no
international transfers and uniform carbon prices. This constrains the utilitarian problem
to an identical choice of policy instrument - a globally uniform carbon price in each period
- allowing for a direct comparison with the Negishi solution. Subsequently, I remove the
uniform carbon price constraint, allowing for differentiated carbon prices.

Using a theoretical model, I show that optimal carbon prices and aggregate abatement
may be higher or lower in the utilitarian solutions than in the Negishi solution and that this
depends on the distribution of the marginal climate damages and the burden of the abatement
costs on different countries. In numerical simulations with RICE, I find that the optimal
abatement is greater in the welfare-maximizing solutions than in the Negishi solution. This
shows that accounting for background inequality and the distribution of costs and benefits
of abatement results in higher optimal carbon prices than when inequality is ignored. This is
the case even when carbon prices are constrained to be uniform across regions. A main part
of the intuition is that Negishi weights place a lower weight on the welfare of poor countries,
which tend to be disproportionately affected by climate change, resulting in lower carbon
prices in the Negishi solution than in the welfare-maximizing solution.

Second, I introduce international transfers for mitigation to study how climate finance
affects optimal carbon prices in the welfare maximization framework. I focus on examining
the effect of the “Paris Agreement transfer” of $100 billion per year by 2025 and rising
thereafter. I find that financial support for mitigation in developing countries considerably
increases the stringency of the welfare-maximizing climate policy under both the uniform
and the differentiated carbon price solutions. For instance, under the default discounting
parameters in RICE, the welfare-maximizing uniform carbon price in 2025 almost doubles,
from $29/tCO; to $54/tCOa,, if the Paris Agreement transfer is used to finance additional
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mitigation in developing countries. Moreover, compared with the Negishi solution, optimal
global cumulative emissions are 31% lower in the utilitarian solution with differentiated
carbon prices and international mitigation finance; this reduces the optimal peak temperature
increase from about 3°C to around 2.4°C.

This paper makes several contributions to the literature on optimal carbon prices with
heterogeneous regions (Nordhaus and Yang, 1996). First, it provides novel theoretical results
on how optimal carbon prices depend on intratemporal welfare weights and the distribution
of costs and benefits of abatement. In particular, I show under which conditions welfare-
maximizing carbon prices (and global emission reductions) are greater or lower than the
conventional efficient carbon prices, in the absence of transfers. These results build on an
influential paper by Chichilnisky and Heal (1994), which shows that a globally uniform
carbon price is optimal if, and only if, distributional issues are ignored (through the choice
of particular welfare weights) or lump-sum transfers are made between countries. Related
papers examined aspects of efficiency and equity in emission permit markets (Chichilnisky
and Heal, 2000; Shiell, 2003; Sandmo, 2007; Borissov and Bretschger, 2022), the importance
of accounting for inequalities at a fine-grained level (Dennig et al., 2015; Schumacher, 2018),
and how optimal carbon taxes, under arbitrary welfare weights, depend on distortionary
fiscal policy (Barrage, 2020) and inequality within and between countries (Kornek et al.,
2021).

Second, this paper adds to a small literature that numerically investigates the role of
intratemporal welfare weights in IAMs. The studies most closely related to this research
are those by Anthoff (2011) and Budolfson and Dennig (2019), which also compare the
Negishi solution? to utilitarian solutions, although using different models (the FUND and
NICE model, respectively). Another relevant study, Adler et al. (2017), compares the social
cost of carbon estimates (along a business-as-usual emissions trajectory) derived from the
standard discounted-utilitarian SWF with those obtained using a prioritarian SWF without
time discounting. The present paper builds upon these studies but, due to the new theo-
retical results, allows for an improved understanding of important drivers of the numerical
optimization results. Furthermore, I extend the analysis by examining the distributional
implications and I provide additional insights on heterogeneous climate policy preferences
by computing regions’ preferred uniform carbon prices, a notion that was first introduced
by Weitzman (2014) and Kotchen (2018).

Third, this paper makes contributions to the literature studying climate policy in con-

junction with transfers. To my knowledge, it is the first to examine how limited international

2Note that Budolfson and Dennig (2019) do not technically use Negishi weights but a model version in
which all individuals in all regions consume the global average consumption.



climate finance, specifically the “Paris Agreement transfer” of $100 billion per year, impacts
welfare-maximizing carbon prices. Furthermore, it estimates the optimal allocation of trans-
fers for mitigation. The study most closely related to the present paper is Yang and Nordhaus
(2006), which examines optimal unrestricted transfers for mitigation under different social
welfare weights, showing that zero (large) transfers take place if Negishi (utilitarian) weights
are used. Another relevant paper, Kornek et al. (2021), focuses on how national redistribu-
tion impacts optimal carbon prices. In an extension, the authors also theoretically explore
how unrestricted international lump-sum transfers impact optimal carbon prices, and pro-
vide a brief qualitative discussion of the effects of restricted transfers. Other papers in this
broader literature have explored the potential of transfers to facilitate international coop-
eration (Hoel, 1994; Hoel et al., 2019; Kotchen, 2020; Hillebrand and Hillebrand, 2023),
how the intended effects of mitigation and adaptation transfers can be achieved (Eyckmans
et al., 2016), and how transfers and differentiated carbon prices may be combined to equalize
mitigation costs as a share of income across countries (Bauer et al., 2020).

The remainder of this paper is structured as follows. Section 2 provides conceptual
background on positive and normative optimization approaches. In Section 3, a theoretical
model is introduced and key analytical results are derived. Section 4 describes modifications
to the IAM RICE and presents and discusses the results from the numerical simulations.

Section 5 concludes.

2 Conceptual Background

This section provides conceptual background on positive and normative optimization ap-
proaches. In Section 2.1, the difference between the two approaches is introduced. Section
2.2 examines the positive approach, focusing on the rationale for and critiques of Negishi
weights. Finally, Section 2.3 provides a welfare-economic conceptualization of the normative

optimization approach.

2.1 Positive versus normative optimizations

The purpose of optimization is a main source of debate in IAMs and there are two main
approaches: positive and normative optimization. An instructive discussion of these two
approaches is provided by Nordhaus (2013, p. 1081) who notes that: “the use of optimization
can be interpreted in two ways: they can be seen both, from a positive point of view, as a
means of simulating the behavior of a system of competitive markets and, from a normative

point of view, as a possible approach to comparing the impact of alternative paths or policies



on economic welfare.” 1In brief, the positive approach seeks to identify the competitive
equilibrium, while the normative approach aims at maximizing social welfare.

The issue of discounting, which determines the intertemporal weighting of consumption
and welfare, has received much attention in the debate on positive versus normative opti-
mization approaches (Arrow et al., 2013; Azar and Sterner, 1996; Beckerman and Hepburn,
2007; Dasgupta, 2008; Dietz and Stern, 2008; Nordhaus, 2007). Under the positive ap-
proach, the discount rate is determined based on market observations. In contrast, under
the normative approach, ethical reasoning is used to determine the discount rate.

However, the difference between positive and normative optimization approaches extends
to the intratemporal weighting of welfare. The typical positive approach relies on Negishi
welfare weights — which assign higher welfare weights to rich individuals — to identify the com-
petitive equilibrium. In contrast, under the normative approach, uniform welfare weights,
which are also called utilitarian welfare weights, are most commonly used, weighting every-
body’s welfare equally®. The remainder of this section, and this paper in general, focuses on

intratemporal welfare weights.

2.2 The positive approach: Background on Negishi weights

Negishi welfare weights are commonly used in regionally disaggregated integrated assessment
models of climate change. Popular TAMs that use Negishi weights include RICE (Nordhaus
and Yang, 1996), which this paper focuses on, MERGE (Manne and Richels, 2005), REMIND
(Leimbach et al., 2010) and WITCH (Bosetti et al., 2012). This section outlines the rationale
for using Negishi weights in IAMs and presents some critiques that have been raised. It

finishes with a welfare economics perspective on the positive optimization approach.

2.2.1 Rationale for using Negishi weights in TAMs

The theoretical basis for the use of Negishi weights in IAMs is a theorem of Negishi (1960).
Negishi proved that a competitive equilibrium can be found by maximizing a social welfare
function in which the welfare of each agent is appropriately weighted so that each agent’s
budget constraint (consistent with their initial endowments) is satisfied at the equilibrium
(Nordhaus and Yang, 1996). The Negishi-weighted social welfare function is given by a
weighted sum of agents’ utilities, where the weights are inversely proportional to the marginal

utility of consumption.

3Note that other normatively-founded SWFs have been used in the climate economics literature, including
the prioritarian SWF (Adler et al., 2017) and variants of the Rawlsian SWF (Roemer, 2011; Llavador et al.,
2010; Llavador et al., 2011).



In addition to their theoretical foundation, a main motivation for the use of Negishi
weights in regionally disaggregated IAMs is to prevent large capital flows between regions,
which may be deemed politically infeasible or unrealistic (Nordhaus and Yang, 1996). With-
out Negishi weights, social welfare could be increased by redistributing capital or consump-
tion from rich to poor regions in models that maximize the unweighted sum of agents’ utili-
ties, if utility is an increasing concave function of consumption, which is commonly assumed
(i.e., the utility function features a diminishing marginal utility of consumption, reflecting
that an additional unit of consumption is of greater value to a poor person than to a rich
person).

However, the use of the time-invariant welfare weights proposed by Negishi (1960) did
not solve the problem of unrealistically large transfers in intertemporal optimization models
over the entire time horizon (i.e., in all model periods) (Nordhaus and Yang, 1996). This
motivated Nordhaus and Yang (1996) to undertake refinements to what they call the “pure
Negishi solution” of using time-invariant welfare weights with no additional constraints. The
first approach taken by Nordhaus and Yang to avoid unrealistically large transfers “was to
impose certain flow and stock constraints on debt and current accounts to ensure that net
foreign investment does not exceed certain limits” (Nordhaus and Yang, 1996, p. 747). While
this solved the problem of large transfers between regions, it did not yield a globally uniform
carbon price.

To ensure that the carbon price is equalized, Nordhaus and Yang (1996) adjust the
Negishi weights in each time period such that the weighted marginal utility of consumption
is equalized in each period (Stanton, 2011). This approach thus yields time-variant Negishi
weights and accomplishes the goal of equalizing the carbon price across regions in every
period. Moreover, these weights ensure that each region’s budget constraint is satisfied in
each period, incorporating the constraint of no cross-regional capital flows (Nordhaus and
Yang, 1996). Hence, the constraints of equalized carbon prices and no transfers of capital or
consumption are effectively incorporated in the time-variant Negishi weights used in RICE.

Formally, the social welfare function with time-variant Negishi welfare weights is
W=>"> B Laaulwu), (1)
t i

where ¢ and ¢ are the region and time indices, L; is the population, x; is the per-
capita consumption, w is the utility function which is typically assumed to be increasing
and concave, 3! is the utility discount factor, and «;; are the time-variant Negishi weights.
The time-variant Negishi weights are proportional to the inverse of the marginal utility of

consumption, that is, a;; o 1/u/(z;), in each period (for more details on the Negishi weights



used in RICE, see Section 4.1.2).
To summarize, the rationale for using time-variant Negishi weights in regionally disaggre-
gated welfare maximizing IAMs is twofold: (1) to prevent transfers across regions in every

period, and (2) to equalize the carbon price across regions in every period.

2.2.2 Critiques of using Negishi weights in IAMs

Negishi weights are criticized on both ethical and theoretical grounds (Anthoff et al., 2021;
Dennig and Emmerling, 2019; Stanton, 2011; Stanton et al., 2009). This section provides a
summary of main critiques.

The main criticism from an ethical perspective is that Negishi weights assign a greater
weight to the welfare of people in rich countries than in poor countries. This is the case
because Negishi weights are inversely proportional to the marginal utility of consumption
and the utility function is typically assumed to be concave (i.e., richer regions are assigned a
greater Negishi weight since their marginal utility of consumption is smaller). Models with
Negishi weights are thus “acting as if human welfare is more valuable in the richer parts
of the world” (Stanton et al., 2009, p. 176). Moreover, because Negishi weights equalize
the weighted marginal utility of consumption, aspects of interregional equity are effectively
ignored and the reality of global inequality is neglected (Stanton, 2011; Stanton et al., 2009).
As a result, it is irrelevant whether poor or rich countries are affected by climate change and
climate policies (Dennig et al., 2015).

Moreover, Stanton (2011) notes that models with Negishi weights have an inherent incon-
sistency: the diminishing marginal utility of consumption is embraced intertemporally, but
suppressed interregionally. This leads to the controversial result that transfers from richer
to poorer individuals is desired in an intertemporal context but rejected in an interregional
context.

Another criticism from a theoretical perspective is provided by Dennig and Emmerling
(2019) and Anthoff et al. (2021). In a simple analytical model, these authors show that the
time-variant Negishi weights, used for example in the RICE model (Nordhaus and Yang,
1996), distort the time-preferences of agents and result in different saving rates than those
implied by the underlying preference parameters. Furthermore, they note that the time-
invariant weights proposed by Negishi (1960) do not have this problem because they only
consist of one weight per agent, and thus only affect the distribution between agents, but
leave the intertemporal choices of each agent unaffected. Because of the distorting effect
of time-variant Negishi weights, Dennig and Emmerling (2019) argue that they should no
longer be used. Instead, they propose that modellers should accept that optimality will not

yield uniform carbon prices if international capital flows are limited.



A final criticism of Negishi weights concerns the manner in which Negishi weights are
often introduced — if discussed at all — which is frequently rather technical with no or little
transparent discussion of the ethical implications (Abbott and Fenichel, 2014; Stanton, 2011).
Given that Negishi weights contain a key ethical assumption, Stanton et al. (2009) highlight
the importance of making their ethical implications transparent to be visible for debate,

rather than presenting them in an opaque technical manner, thereby discouraging discussion.

2.2.3 Welfare economics perspective on the positive approach

This section provides a discussion of the positive optimization approach from the perspective
of welfare economics.

From the first fundamental theorem of welfare economics, it is known that, under certain
conditions, the competitive equilibrium is Pareto-efficient (Sen, 1985). That is, no one can
be made better off without making someone else worse off. The maximization of a Negishi-
weighted SWF in TAMs seeks to identify the competitive equilibrium with a Pareto-efficient
level of abatement?. I will refer to this solution as the “Negishi solution”. The Negishi
solution is one particular point (among infinitely many points) on the Pareto frontier in a
first-best setting in which only resource and technology constraints are present (assuming
that the conditions for the first fundamental theorem of welfare economics hold otherwise;
for a discussion of first- and second-best settings, see Section 2.3). Notably, it is the only
Pareto-efficient allocation in a first-best setting that does not require transfers (Shiell, 2003).
In the absence of abatement, the competitive equilibrium is not efficient due to the climate
externality. This is illustrated in Figure la, which shows the utility possibility set and
the Pareto frontier for a simple case of two regions: a relatively rich Global North, and a
comparatively poor Global South.

While the Negishi solution is Pareto-efficient, it cannot generally be considered to max-
imize social welfare. This is because the Negishi-weighted SWF is not intended to measure
social welfare. Instead, it is calibrated such that a Pareto-efficient allocation which does not
require transfers is obtained. In contrast, normative optimizations rely on SWFs that are
rooted in theories of social welfare. The most common theory of social welfare in economics
is utilitarianism, which places equal weight on the welfare of all individuals. Importantly, the
Negishi solution does not maximize aggregate welfare if the welfare of all people is weighted
equally. Maximizing a utilitarian SWF maximizes the (equally weighted) sum of the welfare

of all individuals. This is illustrated in Figure 1b.

4However, Anthoff et al. (2021) show that the time-variant Negishi weights used in TAMs do not, in fact,
yield a Pareto-efficient solution. This is because of a time-preference altering effect of time-variant Negishi
weights. In this section, I focus on a static setting in which this issue does not arise.
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Figure 1: Illustration of the welfare outcomes under the Negishi and utilitarian
solutions in a two-region world. (a) The Negishi solution (N) is an efficiency improve-
ment relative to the competitive equilibrium without abatement. (b) Comparison of the
Negishi (N) and utilitarian (U) solutions. uy and ug are the utilities (i.e., welfare levels) of
representative agents in the Global North and Global South, respectively. PF-1st is Pareto
frontier in a first-best setting. The graphs are adapted from Shiell (2003).

Given that the Negishi solution does not maximize aggregate (unweighted) welfare, how
may the use of Negishi weights in IAMs be justified? There are at least two possible lines
of argument. First, it may be argued that the Negishi solution has no normative but only a
positive interpretation; that it is merely a procedure to identify the competitive equilibrium
with Pareto-efficient abatement and zero transfers. For example, Nordhaus (2013, p. 1111)
notes that “if the distribution of endowments across individuals, nations, or time is ethically
unacceptable, then the “maximization” is purely algorithmic and has no compelling norma-
tive properties”. Moreover, Nordhaus and Sztorc (2013, p. 20) clarify: “We do not view
the solution as one in which a world central planner is allocating resources in an optimal
fashion”.

A second line of argument relies on the second fundamental theorem of welfare economics,
which states that any point on the Pareto frontier can be supported as a competitive equilib-
rium if unrestricted lump-sum transfers can be made. Moreover, this argument is sometimes
used to argue that the issues of equity and efficiency can be separated. However, it has
been noted that distributional issues and Pareto-efficiency are not separable in the case of
climate policy, as the Pareto-efficient abatement level generally depends on the distribution
of wealth. This is because the marginal willingness to pay for abatement generally varies
with income (Shiell, 2003). Therefore, the Negishi solution only identifies a Pareto-efficient
abatement level if no transfers occur. Moreover, the practical relevance of the second funda-
mental theorem of welfare economics has been questioned. For instance, Sen (1985, p. 12)

notes that “if there is an absence of — or reluctance to use — a political mechanism that would



actually redistribute resource-ownership and endowments appropriately, then the practical
relevance of the converse theorem [the second fundamental theorem of welfare economics] is
severely limited”.

To summarize, the abatement under the Negishi solution is not equal to the abatement
that maximizes utilitarian social welfare®, regardless of whether unrestricted transfers are

feasible or not.

2.3 The normative approach: Welfare-economic conceptualization

This section provides a conceptualization of the normative optimization approach, grounded
in welfare economics. In doing so, the objective of this section is to clarify the fundamental
distinction between positive and normative optimization approaches in climate economics.

In Section 2.2.1, I have argued that constraints are implicitly incorporated in the welfare
weights under the positive approach. Here, I emphasize that this constitutes a key difference
to the normative approach, where constraints and welfare weights are determined separately.

I propose to conceptualize the normative optimization approach as consisting of two steps.
First, the social welfare function is defined based on ethical principles. Second, potential
constraints on the optimization affect the feasible set of allocations. Importantly, these two
steps are separate under the normative approach. It is worth elaborating on each step.

The first step is standard in normative analyses; it is the specification of the SWF based
on ethical principles. Such SWFs have a long tradition in normative economics and are
referred to as Bergson-Samuelson SWFs, since they were introduced by Bergson (1938)
and prominently adopted by Samuelson (1947). The Bergson-Samuelson SWF is used to
produce an ethical ordering of possible societal outcomes. Common Bergson-Samuelson
SWFs include the utilitarian, prioritarian and Rawlsian SWFs (Mas-Colell et al., 1995). In
this paper, I focus on the utilitarian SWF, which is most commonly used in the climate
economics literature.

The second step is to carefully consider and explicitly account for real-world constraints in
the optimization. This step is often less thoroughly addressed in the existing literature. It is
of course challenging to determine and formalize plausible real-world constraints (especially
in stylized IAMs). It therefore seems valuable to explore a plausible range of constraints.
Conceptually, such constraints affect the feasible set of allocations, which, in turn, determines
the utility possibility set (UPS), which was introduced by Samuelson (1947). Ultimately, we

are interested in the Pareto frontier, which is defined as the upper frontier of the UPS®.

50Or, more generally, social welfare measured with any other linear SWF with welfare weights that are
not equal to Negishi weights.
SEconomists sometimes use the term efficiency to simply mean outcomes that maximize the total mon-
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In short, the Pareto frontier is defined on the set of feasible allocations. Finally, the social
optimum is simply the point in the UPS that maximizes the SWF. This allocation is, of
course, a point on the Pareto frontier.

Depending on the constraints imposed on the optimization, a conceptual distinction be-
tween first-best and second-best settings is frequently made (Mas-Colell et al., 1995). Typi-
cally, a first-best setting is considered to be a setting in which only resource and technology
constraints are present, but otherwise the social planner has access to any policy instrument,
including unrestricted lump-sum transfers. In contrast, the notion of second-best settings is
used when additional constraints are present, such as constraints on transfers and the set of
policy instruments that may be used.

It is instructive to illustrate how the normative optimization approach works in the con-
text of this paper. This is shown in Figure 2 for optimization problems considered in this
paper. In the first step, the utilitarian SWF is specified (which has linear social indifference
curves with slope -1). In the second step, potential constraints are specified. Of particu-
lar relevance in the context of international climate policy are constraints on international
transfers and whether carbon prices are constrained to be uniform across countries.

In the first-best setting, there are no constraints (apart from the usual resource and
technology constraints). In particular, unrestricted lump-sum transfers can be made. In this
setting, the social planner uses cost-effective uniform carbon prices to internalize the climate
externality and lump-sum transfers to address distributional issues. With identical and
concave utility functions, large transfers are made to equalize per-capita consumption across
regions (Dennig et al., 2015), eliminating inequality. This results in the highest utilitarian
welfare; the outermost social indifference curve, Wiy, is achieved.

However, as discussed above, such a first-best setting with large international transfers
may be politically infeasible. As Shiell (2003, p. 43) puts it, “Unrestricted lump-sum transfers
are a useful construct which scarcely exist outside the confines of economic theory”. As
discussed in Section 2.2.1, the political infeasibility of large transfers motivated, in part, the
specification of the welfare weights under the positive optimization approach. In contrast,
under the normative optimization approach, welfare weights are independently specified
of constraints since they are set in accordance with ethical principles. Instead, political

constraints on transfers affect the feasible set of allocations.

etary sum (for short, maximizing dollars). In a first-best setting in which unrestricted lump-sum transfers
are feasible, maximizing dollars is necessary and sufficient for Pareto efficiency. Importantly, however, in a
second-best setting in which unrestricted lump-sum transfers are infeasible, maximizing dollars is not nec-
essary for Pareto efficiency (nonetheless, maximizing dollars is, of course, one Pareto efficient outcome on
the Pareto frontier among infinitely many other points on the Pareto frontier that do not maximise dollars).
Throughout this paper, I use the standard definition of Pareto efficiency that no one can be made better off
without making someone else worse off, given the constraints of the problem.

11
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Figure 2: Illustration of the normative optimization approach under first- second-
and third-best settings. The figure also shows a comparison to the utilitarian welfare
level of the Negishi solution. uy and ug are the utilities (i.e., welfare levels) of representative
agents in the Global North and Global South, respectively. PF-x is the Pareto frontier in the
xth-best setting. W7 is the social indifference curve that corresponds to the social optima in
the x'"-best setting or the Negishi solution.

Hence, let us consider a second-best setting in which international lump-sum transfers are
infeasible”. The lack of this policy option reduces the feasible set of allocations, the UPS gets
smaller, and the Pareto frontier moves inward (except for one point on the frontier, which
corresponds to the Negishi solution, which does not require transfers). Consequently, the
social optimum lies on a lower social indifference curve, Ws,4. In the absence of the option
to eliminate inequality with lump-sum transfers, the social planner accounts for background
inequality in the climate policy design. Specifically, differentiated carbon prices that are
higher in rich regions and lower in poor regions are used to reduce the welfare cost of
abating emissions (Chichilnisky and Heal, 1994) (also see Section 3.2.4). It should be noted
that a potential problem with differentiated carbon prices is carbon leakage — an increase
in emissions in countries with laxer climate policies as a result of stricter climate policies
elsewhere. However, additional policies such as carbon border adjustments and binding
emission targets can avert the issue of carbon leakage. For a more detailed discussion, see
(Budolfson et al., 2021) and Appendix C.4.

Finally, consider a third-best setting in which the policy instruments the social plan-

I intentionally focus on the case of no transfers here to keep the discussion simple. In reality, however,
some transfers are feasible (e.g., international aid or climate finance). I consider the effect of climate finance
in Section 4.3.
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ner can use are restricted even further to a globally uniform carbon price (in addition to
a constraint of no transfers). It should be emphasized that this is not a plausible con-
straint in reality, as evidenced by widely different empirical carbon prices across countries
(World Bank, 2023a). Nevertheless, it provides a useful comparison to the solution under
the positive optimization approach, as it constrains the utilitarian problem to an identical
choice of policy instrument - a globally uniform carbon price and no transfers. Yet, an im-
portant difference remains. The utilitarian uniform carbon price accounts for background
inequality, while the optimal carbon price under the positive optimization approach ignores
background inequality through the specification of the Negishi weights which equalize the
weighted marginal utility across regions. As a consequence, the utilitarian uniform carbon
price is generally different from the uniform carbon price under the Negishi solution. Impor-
tantly, the utilitarian uniform carbon price solution is weakly better, from the perspective
of utilitarian welfare, than the Negishi solution (compare social indifference curves Wj,.q and
Wiegishi)- This is simply because the utilitarian uniform carbon price is, by construction,
the uniform carbon price that maximizes utilitarian welfare in a setting in which transfers
are infeasible. Thus, any other uniform carbon price can only be weakly worse in terms of
utilitarian welfare.

It is worth highlighting how the different solutions respond to background inequality.
The spectrum ranges from completely solving inequality through lump-sum transfers in the
first-best utilitarian setting to ignoring inequality altogether in the Negishi solution. While,
the social optima in the second- and third-best settings do not solve inequality through
transfers, they account for inequality to different degrees in the carbon pricing policy. In
the second-best setting, inequality is accounted for in the level and differentiation of carbon
prices across regions. In contrast, in the third-best setting, inequality is only accounted for
in the level of the carbon price, thereby reducing the degree to which inequality is taken into
account.

To which extent inequality is ultimately accounted for in international climate policy is
decided by policymakers and international negotiations. However, international agreements
indicate that there is a political consensus to account for inequality to some extent. This
is evidenced, for example, by the UNFCCC principle of “common but differentiated respon-
sibilities and respective capabilities, in the light of different national circumstance” and a
general recognition that developed countries have an obligation to reduce their emissions
faster and support developing countries in their transitions toward low-carbon economies,
which is also reflected in the respective nationally determined contributions (NDCs) un-
der the Paris Agreement (UNFCCC, 2015; Climate Watch, 2022). More broadly, the Paris

Agreement underscores the necessity of incorporating the principle of equity and the goal of
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poverty eradication into climate policy, indicating that countries have agreed to account for
inequality in international climate policy (UNFCCC, 2015). Hence, policymakers may be
interested in socially optimal climate policies that take inequality into account. The present
study seeks to identify such policies and contrasts them with the conventional, positive

approach that neglects inequality.

3 Theory

This section introduces a theoretical model to study how optimal carbon prices depend on
welfare weights, in the absence of international transfers. The model setup is outlined in

Section 3.1. Results are derived and discussed in Section 3.2.

3.1 Model setup

The general model setup builds on Chichilnisky and Heal (1994) and Dennig and Emmerling
(2017). The intention is to construct the simplest models possible to generate key insights
and to provide conceptual underpinnings for important drivers of the simulation results in
Section 4.

There are two regions i € {N, S} and a single period. Let Z = {N, S} denote the set of
regions; for intuition, consider the regions as the Global North (N) and Global South (.5).
I normalize the population size in both regions to unity. Thus, aggregate variables equal
per-capita variables.

Abatement costs, C;(A;), are a function of the abatement A; > 0 in a region. The abate-
4 > 0,

dA;
> (0. Moreover, to keep the exposition simple, I assume that (22140;

ment cost function differs by region and is assumed to be smooth, strictly increasing,
d?C;
» dA?

and strictly convex

is constant but region-specific; that is, % = 0 for all A;%. This is the case for the com-
monly assumed quadratic abatement cost function. I define the aggregate global abatement
as A =) . A; (note the missing ¢ subscript on the aggregate abatement). Region-specific

climate damages, D;(A), are a function of the aggregate abatement. The damage function

is assumed to be smooth, strictly decreasing, % < 0, and strictly convex in abatement,
2D. . . . ..
% > 0, reflecting the idea of convex damages as a function of emissions.

There is a representative agent in each region, who derives utility, u(X;), from consump-

tion, X;. The utility function is assumed to be the same for all individuals, strictly increasing,

8Note, however, that some of the main results do not require the assumption of constant second deriva-
tives of the abatement cost functions (e.g., Propositions 1 and 2). However, to keep the exposition simple, I
assume constant second derivatives of the abatement cost functions throughout.
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strictly concave, and smooth. Thus, %~ > 0 and o5 < 0. Regional consumption, X; is

arre dx
given by the endowment, W;, net of abatement costs and climate damages. That is,

Xi =W; = Ci(A) — Di(Ap), (2)

I assume throughout that the Global North is richer than the Global South, both in terms
of endowment and consumption. Thus, we have Wy > Wy and Xy > Xg . The implicit
assumption is that the endowment difference between the Global North and the Global South
is sufficiently large such that the Global North still always remains richer after abatement

costs and climate damages are subtracted. From the concavity of the utility function, it
follows that v/ (Xy) < v/(Xg).

3.2 Optimal carbon prices in the absence of transfers

I this section, I establish how the optimal carbon tax depends on the welfare weights in the
absence of interregional transfers. Note that this implicitly imposes a constraint of no trans-
fers in the optimization problem. I start with deriving results for arbitrary welfare weights

before determining the results for specific choices of welfare weights that are commonly used.

3.2.1 Solutions for arbitrary welfare weights

The optimal carbon prices are determined through the maximization of a social welfare
function (SWF) with welfare weights, o; > 0, which I do not further define at this point.
Conceptually, varying the welfare weights across their full range traces out the constrained
Pareto frontier. The resulting carbon prices are thus constrained Pareto-efficient, where the
notion of constrained Pareto-efficiency depends on the constraints imposed on the optimiza-
tion problem.

I consider two general optimization problems, reflecting the optimizations that are most
commonly performed in the literature on optimal carbon prices (e.g., in Nordhaus and Yang
(1996), Dennig et al. (2015), Budolfson et al. (2021)), . The first allows (but does not require)
differentiated carbon prices and the second requires uniform carbon prices. The objective is
to choose the carbon prices that maximize the SWF subject to regional budget constraints,
reflecting a constraint of no interregional transfers. An additional constraint of uniform

marginal abatement costs is imposed in the case that requires uniform carbon prices.
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Formally, the differentiated carbon price optimization problem is

e S o () 3

subject to: X; =W, — C;(A;) — D;(A4), Vi. (4)
The uniform carbon price optimization problem is

max Z (673 U, (5)

subject to: X; = W; — Cy(A;) — Di(A), Vi

where the additional constraint of uniform marginal abatement costs is imposed *.

Solving the optimization problems yields expressions for the optimal marginal abatement
costs. Optimal carbon prices, 7;, equal the optimal marginal abatement costs, C/*, because
regions optimally respond to a carbon price by abating until their marginal abatement cost
equals the carbon price; that is, C/*(Af(7;)) = 7;. 1 record these results in the following two

definitions. The derivations are provided in Appendix A.1.

Definition 1. The optimal differentiated carbon price (for arbitrary welfare weights)

for region v is implicitly defined by

diff s *\ _ / *
T =0 (A]) = " X* ZO‘J ;) D;(AY). (7)

]GI

In words, the optimal differentiated carbon price is equal to the sum of the avoided
weighted marginal welfare damages divided by the weighted marginal utility. Thus, the
optimal differentiated carbon price is inversely proportional to the weighted marginal utility,
a;u;. Consequently, the optimal differentiated carbon price is lower in the region with the
higher weighted marginal utility. This result has first been established by Chichilnisky and
Heal (1994). Note that, if the weighted marginal utilities are equal across regions (i.e.,
aguy = ayuy), we obtain the knife-edge result that the optimal “differentiated” carbon
price is in fact uniform. This is the case if the weights are the Negishi weights. I return to
this below.

9Note that I am using prime notation for some derivatives. The derivatives are defined as C}(A4;) =

dC;(A; _ dD;(A —_ du(X;
UG Di(A) = T w0 (X = 1.
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It is insightful to rearrange Equation (7) to

' (X)OF = Za] )DL (A"). (8)

JET

Since the right-hand side is the same for all regions, we know that ayu/(X})Cx
asu'(X§)Cg. That is, the weighted marginal welfare cost of abatement (rather than the

marginal abatement cost in monetary terms) is equalized across regions.

Definition 2. The optimal uniform carbon price (for arbitrary welfare weights) is

implicitly defined by

Cs(As) + Cx(Ay) o
anu/(X3)CO5(Ag) + asu/ (X5 CR (Ay)

C/* A* _ Zaz D/ A*)

The optimal uniform carbon price again depends on the sum of the avoided weighted
marginal welfare damages. However, it also depends on a second factor which contains the
second derivatives of the abatement cost functions. To gain some intuition, we can note that
the expression collapses to the expression for the optimal differentiated carbon price if one of
the regions has a linear abatement cost function'?; that is, C{ = 0 for one i. Specifically, if
the Global North has a linear abatement cost function, then the expression collapses to the
differentiated carbon price expression for the Global North!!; and vice-versa for the Global
South. The intuition is that if one region has a linear abatement cost function, and thus
constant marginal abatement costs, then the only way to equalize marginal abatement costs
across regions is to adjust the marginal abatement cost of the other region. Unsurprisingly,
this provides the intuition that the optimal uniform carbon price lies in between the two
optimal differentiated prices. Moreover, whether the uniform carbon price is closer to one or
the other differentiated carbon prices depends on the relative convexities of the abatement
cost functions, the welfare weights, and the relative marginal utilities at the optimal solution.

Equation (9) shows that the optimal uniform carbon price generally depends on the
welfare weights. However, we may wonder if the optimal uniform carbon price does not

depend on the welfare weights under certain conditions.

Proposition 1. The optimal uniform carbon price does not depend on the welfare weights,

. . Dy %
a;, if and only if D, = o

holds at the optimal solution.

10Note that I am here, for a moment, relaxing the assumption of strictly convex abatement cost functions.

U However, note that while the algebraic expression is the same as for the optimal differentiated carbon
price, the values of the arguments, and thus the optimal carbon prices, are not. This is because the aggregate
abatement would be different from the differentiated carbon price optimum since the optimal carbon price
in both regions is given by this expression under the uniform carbon price solution.
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Proof. See Appendix A.3.

Thus, while it is possible that the optimal uniform carbon price does not depend on the
welfare weights, this is only the case if the ratio of marginal damages equals the inverse ratio
of the convexities of the abatement cost function. Otherwise, the optimal uniform carbon
price does depend on the welfare weights. Consequently, in the absence of international
transfers, the choice of intratemporal welfare weights affects the optimal uniform carbon
price. I will discuss this in more detail in the context of the comparison of Negishi and
utilitarian weights in Section 3.2.3.

Having established expressions for the optimal carbon prices with arbitrary welfare
weights, it is straightforward to obtain the results for specific choices of welfare weights.

This is the focus of the next subsections.

3.2.2 The Negishi solution

I begin with Negishi weights, which are inversely proportional to a region’s marginal utility
of consumption at the optimal solution that was obtained with the Negishi weights!?. I
normalize the weights such that they sum to unity. Formally, I define the Negishi weights

as follows:

—_ 1
Note that I am using “tilde” to indicate the Negishi solution. From the assumptions of a
strictly concave utility function and higher consumption levels in the Global North than the
Gobal South, it follows that the welfare weight for the North is greater than for the South;
ie., ay > ag.
To obtain the Negishi solution, we plug the Negishi weights into the definition for the

optimal differentiated carbon price.

Definition 3. The Negishi-weighted carbon price is implicitly defined by
7=Ci(A) == _Di(A). (11)

The Negishi-weighted carbon price is simply equal to the sum of marginal benefits of
abatement (which are the reduced marginal damages) in monetary terms. This condition

is similar to the Samuelson condition for the optimal provision of public goods (Samuelson,

12Note that the Negishi weights that satisfy this are obtained by iteratively updating the weights until
convergence.
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1954), but it additionally requires that the marginal cost of abatement is equalized across
regions.

Thus, we have obtained the knife-edge result that the Negishi-weighted carbon price is
uniform even though we allowed for differentiated carbon prices by solving the differentiated
carbon price optimization problem. The uniform carbon price arises from the specification
of the Negishi weights, which equalize weighted marginal utilities across regions, making uni-
form carbon prices optimal, rather than from imposing a uniform carbon price constraint!s.
Notably, equalized weighted marginal utilities also render no transfers between regions opti-
mal.

It is insightful to also characterize the optimality conditions in terms of the derivatives
with respect to carbon prices. Rewriting the optimality condition in Equation (11), we can
see that the Negishi-weighted carbon price equalizes the sum of the marginal abatement costs
and benefits (in terms of reduced damages) from marginally increasing the carbon price. (see

Appendix A.2.1 for a derivation):

Z dci(:;j(%)) _ Z dDiE;(%))' (12)

3.2.3 The utilitarian solution with uniform carbon prices

Next, I define the utilitarian welfare weights as uniform weights that sum to unity; that

is, oV = ﬁ To highlight that the maximization of the utilitarian SWF maximizes the

(unweighted) sum of utilities, I also refer to the utilitarian solutions as welfare-mazimizing
solutions. Plugging the utilitarian weights into Equation (9) yields the utilitarian uniform

carbon prices.

Definition 4. The utilitarian uniform carbon price is implicitly defined by

Y VXD (A CU(AS)_‘_CKI(AN)
[ e DR s cuTe v s rere R

7

Note that the utilitarian uniform carbon price is a function of the sum of the avoided
marginal damages in welfare terms rather than monetary terms, as it is the case for the
Negishi-weighted carbon price. Moreover, it depends on a second factor which contains the
second derivatives of the abatement cost functions, which govern the abatement changes

in response to a marginal change in carbon prices. Specifically, the change in abatement

13Note that we would obtain the same result if we plug the Negishi weights into the expression for the
optimal uniform carbon price, but the key point is that the uniform carbon price constraint is not needed
to obtain uniform carbon prices if Negishi weights are used.
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in response to a marginal change in the carbon price is given by the inverse of the second

dAdiT(:") = o 27y- Thus, marginally increasing

derivative of the abatement cost functions
the carbon price increases abatement more in the region with the flatter marginal abatement
cost curve.

As before, it is instructive to rewrite the optimality condition in Equation (9) in terms

of the derivatives with respect to the carbon price (see Appendix A.2.2:

;u’(xi)w = —;u’()@)w. (14)
The utilitarian uniform carbon price equalizes the sum of the marginal welfare costs and
benefits of abatement from marginally increasing the carbon price. This can be contrasted
with the Negishi-weighted carbon price, which equalizes the sum of the marginal monetary
costs and benefits of abatement from marginally increasing the carbon price (Equation (12)).

By construction, the utilitarian uniform carbon price is the uniform carbon price that
maximizes global (utilitarian) welfare, while the Negishi-weighted carbon price maximizes
global consumption in monetary terms. The central question is how these two uniform carbon
prices compare. The following proposition and corollary establish the conditions under which
the utilitarian uniform carbon price is greater than the Negishi-weighted uniform carbon

price.

Proposition 2. The utilitarian uniform carbon price is greater than the Negishi-weighted

g—f,\/,’ holds at the utilitarian solution'*.
S

carbon price, that is T > 7T, if and only if DD—,% >
N
Proof. See Appendix A.4.

Corollary 1. The utilitarian uniform carbon price is greater than the Negishi-weighted car-

_dbg _dby
bon price, that is T > 7, if and only if —F= > 1> —Z— holds at the utilitarian solution.
dTt daTt

Proof. See Appendix A.5.

Proposition 2 states that, in the absence of international transfers, the uniform carbon
price that maximizes global welfare is greater than the Negishi-weighted carbon price if
and only if the ratio of marginal damages is greater than the inverse ratio of the second
derivatives of the abatement cost functions. Intuitively, this depends on the relativg benefits

and costs of increasing the carbon price to the two regions. The left-hand side, g—,%, is the
N

Note that T use the notation D/ as a short-hand for D}(A;) (i.e., the marginal damage function evaluated
at the utilitarian uniform carbon price solution). This general notational system also applies to other
functions and solutions.
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//
, C—JX is the

relative cost of an extra unit of aggregate abatement. Since the marginal abatement cost

relative benefit of an extra unit of aggregate abatement A. The right-hand side

(MAC) is equal across regions, the relative cost of an extra unit of aggregate abatement is
determined by the relative fractions of that unit of aggregate abatement that are provided
by each region, which in turn is determined by the ratio of the inverse of the slopes of the
MAC function. To see this, notice that

ol dds  dds  dCs
— dr — dA — dA (15)
C’// dAN d/igv ch ’
S dF dA dA
dAZ _ 115 dCs . dON .
where = ; and the third equality follows from £ 7 oty rolt Thus, a relatively greater

slope of the MAC function results in a relatively smaller abatement increase, and therefore
a relatively smaller increase in abatement costs.

Proposition 2 thus establishes that the welfare-maximizing uniform carbon is greater than
the Negishi-weighted carbon price if and only if the benefits to the Global South relative to
the Global North, exceed the relative costs of increasing abatement.

Corollary 1 provides an additional piece to understand the condition under which the
utilitarian uniform carbon price exceeds the Negishi-weighted carbon price. It states that
this is the case if and only if, at the utilitarian uniform carbon price, the ratio of the marginal
benefits of abatement to the marginal costs of abatement from marginally increasing the
carbon price is greater than one for the South and less than one for the North. Intuitively,
this implies that the South would benefit from further increasing the carbon price while the
North would be worse off. The corollary shows that this is necessary and sufficient for the
utilitarian uniform carbon price to be greater than the Negishi-weighted carbon price.

Since I use the RICE model for numerical simulations, it is useful to briefly examine its

functional forms of the damage and abatement cost functions. They are defined as follows:

bitAet
it = 1
Cu Q(Uityit)a_l ( 6)
Dy = Yy Diy. (17)

Here, Yj; is the GDP gross of damages and abatement costs for region ¢ in period t, b; is the
price of a backstop technology (i.e., the MAC at which emissions can be abated completely),
;¢ is the baseline emissions intensity (emissions per GDP) of the economy in the absence of

abatement, # > 1 is a parameter that governs the convexity of the abatement cost function

l:1

15To see this, note that C!' = dAZ which can be rearranged to

dC’ (o
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(in RICE, 0 = 2.8), and D;; denotes the climate damage as a fraction of GDP.

. . . : . .. D
Using these functional forms and the uniform carbon price condition, we can write 5= >
N

11
Oy

o as follows'¢:
S

~ 1
Dy (by\7T
e R (18)
Dy bs oN

The inequality is more likely to hold if the Global South has relatively (1) higher marginal
damages as a fraction of GDP, (2) a higher backstop technology price, and (3) a lower
baseline emissions intensity'”. In the RICE model, the baseline emissions intensity tends
to be higher in countries belonging to the Global South (with the important exception of
the poorest region, Africa), but there is no clear pattern for backstop technology prices (see
Figure A2 in the appendix). Importantly, however, climate damages, as well as marginal
damages, tend to be higher in the RICE model in poorer countries of the Global South (with
the exception of Eurasia) than in rich countries of the Global North (see Figure A3). This is
in line with the consensus of the climate impacts literature that poor countries generally are,
and are likely continue to be, disproportionately harmed by climate change (Ahmed et al.,
2009; Burke et al., 2015; Diffenbaugh and Burke, 2019; Hallegatte et al., 2014; Kalkuhl and
Wenz, 2020; Mendelsohn et al., 2006; Oppenheimer et al., 2014). If this effect dominates,
then welfare-maximizing uniform carbon prices exceed the Negishi-weighted carbon prices.
Indeed, this is the case in the numerical results (see Section 4.2). Proposition 2 provides the
theoretical underpinnings for this result. The main intuition is that Negishi weights tend to
down-weight the welfare of countries with are hit the hardest by climate change, resulting

in lower carbon prices in the Negishi solution than the welfare-maximizing solution.

3.2.4 The utilitarian solution with differentiated carbon prices

Plugging the utilitarian weights into Equation (7) yields the utilitarian differentiated carbon

prices, which I record in the following definition:

Definition 5. The wutilitarian differentiated carbon price for region i is implicitly

16To see this, derive

1

4= (G

plug it into C{" and use the uniform carbon price condition.
1"The effect of § depends on whether Z—JSV s 1. For Z—ISV > 1, condition (18) is more likely to be satisfied if

0 is large; and vice versa for ZZ’)—J;’ < 1.
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defined by

1
w'(X;)

o= CllA) =~ == S (XD} (). (19

JET
The utilitarian differentiated carbon prices equalize the marginal welfare cost of abate-
ment'® (as opposed to the marginal monetary cost of abatement in the Negishi solution),
which, in turn, is equal to the marginal welfare benefit of abatement (the summation term in
Equation (19)). This can be interpreted as a form of equal burden sharing, a common con-
cept in international climate negotiations and the related literature (e.g., Bretschger (2013)
and Rao (2014)); specifically, it would equalize the marginal welfare burden of abatement.

Equation (19) also shows that the welfare-maximizing differentiated carbon price is higher
in the richer region, as it is inversely proportional to the marginal utility of consumption
(Chichilnisky and Heal, 1994). Of course, this means that emissions are not reduced at the
lowest monetary cost, (i.e., emission reductions are not cost-effective). Importantly, however,
by equalizing the marginal welfare cost of abatement, utilitarian differentiated carbon prices
achieve emission reductions at the lowest possible welfare cost (in the absence of transfers).
Thus, I propose to classify these emission reductions as welfare-cost-effective, contrasting it
with the concept of (monetary) cost-effectiveness. The concept of welfare-cost-effectiveness
may also offer a useful perspective in other public policy contexts!?.

A second important point is that the utilitarian differentiated carbon prices are Pareto
efficient if international transfers cannot be made?. This point requires elaboration. It is
well known that cost-effective emission reductions are necessary to achieve Pareto efficiency
if unrestricted lump-sum transfers can be made (Shiell, 2003). However, this is no longer
the case when transfers are not feasible. In such a constrained, second-best setting, the
set of feasible allocations becomes smaller and the Pareto frontier moves inward (except
for one point on the frontier, which corresponds to the Negishi solution, which does not
require transfers). If transfers cannot be made, the only way to move from one Pareto

efficient allocation to another is through changing the differentiation of carbon prices. In

18T see this, rearrange Equation (19) to

! (X)CH(A) = = ) (X5)Dj(A),

jET

and notice that the right-hand side is the same for both regions. Thus, u'(Xx)Ch (Ax) = u/(Xs)C%(As).
Tt seems especially useful in contexts in which transfers by other means are not feasible.
20Sometimes the notion of constrained Pareto efficiency is used to refer to Pareto efficiency in settings
with additional constraints (beyond the usual resource and technology constraints), particularly constraints
on lump-sum transfers (Chichilnisky et al., 2000; Shiell, 2003). Instead, I opt to be explicit about the setting,
and the corresponding constraints, which determine the Pareto frontier.
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fact, all points on the Pareto frontier require differentiated carbon prices, except for one
point, which corresponds to the Negishi solution (see Section 3.2.1 and Equation (7)). The
utilitarian differentiated carbon price yields a particular point on the Pareto frontier which
maximizes (unweighted) global welfare.

As before, we ask whether the utilitarian differentiated carbon price solution results in
more or less global emissions than the Negishi solution. We have already established that
the carbon price in the North is greater than in the South under the utilitarian differentiated
carbon price solution. We may also intuit that the abatement in the South (North) is lower
(higher) in the utilitarian differentiated carbon price solution than in the Negishi solution.

I show that this intuition is correct in the proof of Lemma 1 below.

Lemma 1. South’s (North’s) carbon price under the utilitarian differentiated carbon price
solution is less (greater) than the Negishi-weighted carbon price. That is, Ts < T < Ty. Con-
sequently, South’s (North’s) abatement level is lower (higher) in the utilitarian differentiated
carbon price solution than in the Negishi solution; that is flg < 1215 and AN > Ay.

Proof. See Appendix A.6. O]

Therefore, whether global abatement is higher or lower in the utilitarian differentiated
carbon price solution than in the Negishi solution depends on whether the additional abate-
ment in the North outweighs the reduced abatement in the South. Proposition 3 establishes
the condition under which this is the case. Deriving this result requires additional func-
tional form assumptions on the abatement cost function (since the proof involves inverting
the abatement cost function). To obtain clean results, while maintaining the assumption
of strict convexity, I assume that the abatement cost function is quadratic. Specifically,
Ci(A;) = k;A?, where k; is a region-specific constant that depends on regional characteris-
tics. To give an idea about what affects this constant, the characteristics that determine k;
in the RICE model are the size of the economy, the baseline emissions intensity, the price of
a backstop technology, and the parameter that determines the convexity of the abatement

cost function (see Equation 16).

Proposition 3. The aggregate abatement under the utilitarian differentiated carbon prices is

greater than under the Negishi-weighted carbon price, that is A > A, if and only if %g_,g >
N YN

g—J,SV, holds at the utilitarian solution.

Proof. See Appendix A.7. O

The first thing to notice is the similarity of this condition with the corresponding condition

for the comparison between the utilitarian uniform carbon price and the Negishi solution
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detailed in Proposition 2. The aggregate abatement is again more likely to be higher under
the utilitarian solution if the South has relatively high marginal damages and a steep marginal
abatement cost curve, compared to the North.

However, there is an additional term in the condition of Proposition 3; the ratio of
marginal utilities of consumption, % Thus, the marginal damages in the two regions are
weighted by their respective marginal utilities, reflecting marginal damages in welfare terms
(as opposed to monetary terms). For a poorer South, @y > u, and hence % > 1, which can
also be interpreted as the factor that up-weights monetary damages in the South to reflect
the greater welfare loss of a given damage in dollar terms in the South compared to the
richer North. The important implication is that the aggregate abatement in the utilitarian
differentiated carbon price solution is more likely to be greater than in the Negishi solution
if the inequality in consumption is large.

The attentive reader may wonder why the marginal utilities only appear on the left-hand
side of the inequality (representing the relative benefits of abatement), but not on the right-
hand side (concerning the costs of abatement). The intuition for this is as follows. The
difference in marginal utilities is already accounted for in the region-specific carbon prices
which equalize the marginal welfare costs of abatement (i.e., iy C = @5C%). Consequently,
the carbon price in the poorer region is lower because of its higher marginal utility. The
Ox
cr

the South and increases in the North (relative to the Negishi solution). A steep marginal

term on the right-hand side, simply determines how much the abatement decreases in
abatement cost curve in the South means that abatement in the South does not decrease
greatly under its lower carbon price of the utilitarian differentiated carbon price solution.
Conversely, a flat marginal abatement cost curve in the North means that abatement in
the North increases substantially under its higher carbon price. Thus, a relatively steeper
marginal abatement cost in the South and a flatter one in the North make it more likely
for the aggregate abatement to increase.” It is also worth noting the subtle, but important,
difference in intuition behind the g—é,’ term in Propositions 2 and 3. In Proposition 2, this
term reflects the relative abatement cost increases to the two regions as a result of a marginal
increase in a uniform carbon price. In contrast, in Proposition 3, it reflects how much
abatement in the South decreases and how much it increases in the North as we allow for

differentiated carbon prices.

3.2.5 Regions’ preferred uniform carbon prices

To obtain additional insights into how heterogeneous climate policy preferences affect the
optimal carbon prices under different SWF's, I derive regions’ preferred globally uniform

carbon prices. In doing so, I establish connections to Weitzman (2014) and Kotchen (2018),
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who introduced the notions of preferred uniform carbon prices and the preferred social cost
of carbon, respectively.

The preferred uniform carbon price of a region is simply obtained by maximizing a social
welfare function that puts full weight on that region and zero weight on the other region.
Thus, to determine the preferred uniform carbon price of region i, I use the welfare weights
a; = 1 and a_; = 0. Plugging these weights into Equation (9) yields regions’ preferred

uniform carbon prices.
Definition 6. The preferred uniform carbon price of region i is implicitly defined by

Cy (Al + € (A1)
Oy (AL)

7= CL(AL) = Ci(A}) = - Di(A) , (20)

where the superscript ¢ indicates that the functions are evaluated at the solution under
the preferred uniform carbon price of region i (for example, Ag is the abatement in the
South under the preferred uniform carbon price of the North)?!. Equation (20) reveals that
a region’s preferred uniform carbon price depends on its marginal benefit of abatement, — D)
and the relative convexities of the abatement cost functions of the two regions. Unsurpris-
ingly, a region’s preferred uniform carbon price is higher if its marginal benefit of abatement
is greater (i.e., the region is vulnerable to climate change). The role of the convexities of the
abatement cost functions warrants further discussion.

The first aspect to notice is that, for strictly convex abatement cost functions, a region’s
preferred uniform carbon price is greater than its own marginal benefit of abatement, —D.
This is a key difference to the Nash equilibrium (with voluntary abatement provision), in
which a region’s optimal abatement level equalizes its own marginal costs and benefits of
abatement (i.e., C! = —D!). The reason for this result is intuitive. Raising a uniform
carbon price globally does not only result in additional abatement in one’s own region, but
also everywhere else. When choosing its preferred globally uniform carbon price, region i
accounts for this effect of additional abatement in the other region. This is represented in

the ratio term in Equation (20), indicating by which factor a region’s uniform carbon price

exceeds its own marginal benefit of abatement®. Using A(r;) = “2m) — o ,41~(T,))7 it is
insightful to rewrite this term as follows:
ol 12’1@ o /OV A (#
7 ( Z) + D‘—’l( —7,) — 1 + —,1/<o7_‘ ) > 1 (21)

21For clarity, and to highlight that marginal abatement costs are equalized across regions under the
preferred uniform carbon prices, I have included the equality C” (A" ,) = C/(A?) in the definition.
22Weitzman (2014) thus refers to such a factor as the externality-internalizing multiplier.
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For strictly convex abatement cost functions, this term is larger than one. Moreover,
it is greater if the other region’s change in abatement to a change in the uniform carbon
price is relatively greater than region i’s change in abatement. This is the case if region i’s
marginal abatement cost curve is relatively steeper. Thus, the convexity of the abatement
cost functions plays a crucial role for regions’ preferred uniform carbon prices, a fact that

has been underappreciated in the existing literature?3.

To summarize, a region’s preferred
uniform carbon price is higher when its marginal benefit of abatement is large and when
its abatement cost function exhibits greater convexity compared to the other region. Put
simply, this is the case if a region is particularly vulnerable to climate change and if the cost
burden of raising a uniform carbon price falls predominantly on the other region.

It is again instructive to rewrite the optimality condition in Equation (20) in terms of
the derivatives with respect to the uniform carbon price (see Appendix A.2.3):

dCi(Ai(7) _ _ dDi(A(+)

AR A 22
d7i dri (22)

Intuitively, the preferred uniform carbon price of region i equalizes the cost and benefits
to region ¢ from marginally increasing the uniform carbon price.

Next, we ask how the preferred uniform carbon prices relate to the optimal uniform
carbon prices under the utilitarian solution and the Negishi solution.

I start by establishing the following lemma, which helps to build intuition and acts as a

building block towards proving the proposition that follows.

Lemma 2. The utilitarian uniform carbon price (7) and the Negishi-weighted carbon price
(7) are in between the preferred uniform carbon prices of the Global North (7V) and the
Global South (77), unless they all coincide.

Proof. See Appendix A.8.

The intuition for the result of Lemma 2 is as follows. Regions’ preferred uniform carbon
prices are obtained by using “edge weights” in the SWF, giving full weight to one region
and zero weight to the other. The utilitarian weights and the Negishi weights are linear
combinations of these edge weights, giving a positive weight to both regions. Given the
assumptions on the damage and abatement cost functions, it should thus not be surprising

that maximizing a SWF with “edge weights” results in the highest and lowest uniform

ZImportantly, however, Weitzman (2017a) allows for different convexities of the abatement cost function
across regions, but he does not highlight the role of the convexity of the abatement cost function. Weitzman
(2014) and Weitzman (2017b) and Kotchen (2018) assume uniform convexities of the abatement cost function
across regions.
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carbon prices, while using “more balanced” welfare weights results in uniform carbon prices
in between those two extremes.
Using Lemma 2, I establish the following insightful relationship between regions’ preferred

uniform carbon prices and the main result detailed in Proposition 2.

Proposition 4. The utilitarian uniform carbon price is greater than the Negishi-weighted
carbon price, that is 7 > 7T, if and only if the preferred uniform carbon price of the Global

South is greater than the preferred uniform carbon price of the Global North, that is 75 > 7.

Proof. See Appendix A.9.

The intuition for the result of Proposition 4 builds on the logic behind Lemma 2. Giving a
positive weight to both regions, the utilitarian uniform carbon price and the Negishi-weighted
carbon price can be understood as “weighted averages” of regions’ preferred uniform carbon
prices, where the welfare weights determine the relative weight given to the preferences of the
two regions. Negishi weights are lower for the poor Global South than the rich Global North.
In contrast, utilitarian weights place equal weight on the welfare of both regions. Thus, the
Negishi-weighted SWF gives less weight to the preferences of the South than the utilitarian
SWEF. If the South prefers a higher uniform carbon price than the North, it is intuitive that
the utilitarian uniform carbon price is greater than the Negishi-weighted carbon price, which
downweights the preferences of the South. Roughly speaking, the Negishi solution is closer
to the preferences of the North, while the utilitarian solution is closer to the preferences of

24 This result provides perhaps the clearest

the South (compared to the Negishi solution)
intuition for the conditions under which the utilitarian uniform carbon price is higher or lower
than the Negishi-weighted carbon price: it depends on whether South’s preferred uniform
carbon price is greater or lower than North’s. This, in turn, depends on the functional forms

of the damage and abatement cost functions, as shown in Equation (20) and discussed above.

4 Simulations

This section presents the results from simulations using the IAM RICE. Section 4.1 intro-
duces the RICE model and describes the optimizations that I perform. Sections 4.2 and
4.3 discuss how optimal carbon prices are affected by the choice of welfare weights and

international climate finance, respectively.

24Note that this does not necessarily imply that the utilitarian uniform carbon price is closer to the
preferred uniform carbon price of the South than the preferred uniform carbon price of the North.
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4.1 Method
4.1.1 Model

To provide simulation-based empirical evidence, I use the IAM Mimi-RICE-2010 (Anthoff et
al., 2019), which is an implementation of the RICE-2010 model (Nordhaus, 2010) in the Julia
programming language using the modular modeling framework Mimi. RICE is the regional
variant of the Dynamic Integrated model of Climate and the Economy (DICE), disaggre-
gating the world into 12 regions (see Figure A1 for a map showing the region classification)
(Nordhaus and Sztorc, 2013). It is based on a neoclassical optimal growth model, known as
the Ramsey model, which is linked to a simple climate model. Economic production is deter-
mined by a Cobb-Douglas production function and results in industrial CO, emissions. The
relationship between economic production and emissions depends on the emissions intensity
of an economy which can be reduced by investments in abatement. Emissions then translate
to atmospheric COy concentrations, radiative forcing, atmospheric and oceanic warming,
and finally economic damages resulting from atmospheric temperature changes and sea-level

rise.

4.1.2 Optimizations

Two main modifications were made to the Mimi-RICE-2010 model: (1) three different opti-
mization problems were implemented along with numerical optimization algorithms to solve
them, and (2) interregional transfers were incorporated. The modifications are described

below. The final model that includes these modifications is referred to as Mimi-RICE-plus.

Optimization problems. The following three optimization problems are implemented:

1. Maximization of the discounted Negishi-weighted SWF with no constraints on the

marginal abatement costs and the interregional transfers®.

2. Maximization of the discounted utilitarian SWF with a constraint on the total level of

interregional transfers, but with no constraint on the marginal abatement costs.

3. Maximization of the discounted utilitarian SWF with a constraint on the total level of
interregional transfers, and an additional constraint of equalized marginal abatement

costs across regions in each period.

25Note that regions are autarkic in the RICE model. Thus, the model implicitly contains a constraint of
zero transfers. This is also the case in the optimization using the Negishi-weighted objective, even though
in this case, zero transfers are also optimal under the Negishi-weighted SWF.
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I refer to the solutions of these optimization problems as (1) the Negishi solution, (2) the
utilitarian differentiated carbon price solution, and (3) the utilitarian uniform carbon price
solution. In addition, I also compute regions’ preferred uniform carbon prices by maximizing
the respective regional SWF's (with welfare weights that equal unity for one region, and zero
for all other regions) subject to a zero transfer constraint and a constraint of equalized
marginal abatement costs across regions.

There are two sets of choice variables?®: The emissions control rate (which implies carbon
prices), and the allocation shares of the total international transfer quantity. Both are

described in more detail below.

Social welfare functions. The first optimization problem is the maximization of the

discounted Negishi-weighted SWF

WY =3 "N " Lyl au (zi) (23)
teT i€l
where J denotes the set of the 12 RICE regions, and T = {0,1,2,...,590} is the time
horizon of the RICE model??, corresponding to the model years 2005 to 2595, L is the
population, x; is the per-capita consumption, ' is the utility discount factor (given by
Bt = (14 p)~t, where p is the utility discount rate), and ay; are the time-variant Negishi
welfare weights.

The utility function is given by

() In (z;) forn=1
u\x; - 1—
' e 41 forn#1

1-n

(24)

where 7 is the elasticity of marginal utility of consumption, which is set to 1.5 to conform
with the value used in the original RICE model.

The time-variant Negishi weights used in this study are obtained directly from the Mimi-
RICE-2010 model (which, in turn, is based on the original RICE-2010 model (Nordhaus,
2010)). They are given by

Uy, (25)

Qi =

26Note that I do not optimize the saving rates because optimizing emission control rates and transfers in
each period already results in long convergence times. Moreover, assuming fixed saving rates is relatively
common in the climate economics literature (see Golosov et al. (2014), Dennig et al. (2015), and Budolfson
et al. (2021) for more information). I use the saving rates from the base scenario of the original RICE model.

2"For the clarity of this exposition, I am omitting the detail that one time period in RICE represents 10
years.
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where v; is the wealth-based component of the social discount factor 2. In the RICE-2010
model, it is defined as the capital-weighted average of the regional wealth-based discount
factors (see Nordhaus (2010) and Appendix C.1 for more details).
The second and third optimization problems maximize the (unweighted) discounted wutil-
itarian SWF
WY = Z Z Lisf'u (i) - (26)

teT €]

Carbon prices. In optimization problems (1) and (2), carbon prices are allowed to be
differentiated across regions. However, in the Negishi solution, uniform carbon prices are
optimal by the construction of the Negishi weights (see Section 3.2.2). In the third optimiza-
tion problem, a constraint of equal marginal abatement costs across regions is implemented.
The marginal abatement costs are equalized by requiring the carbon price to be equal across
regions until the region-specific backstop prices (i.e., the prices at which complete mitigation
is achieved) are reached. The source code for the implementation of this constraint was

adopted from the Mimi-NICE model (Dennig et al., 2017).

International transfers. First, I solve the three optimization problems with no interna-
tional transfers to examine the role of welfare weights in the absence of transfers (Section 4.2).
Second, I implement a conditional transfer for mitigation in recipient regions in the utilitar-
ian optimization problems (Section 4.3). This allows me to study how welfare-maximizing
carbon prices are affected by international transfers for mitigation, which is a main type
of climate finance agreed on in international climate change negotiations (UNFCCC, 2015).
Finally, I also consider non-conditional transfers that are not earmarked and could be inter-
preted as compensatory payments, for example for Loss and Damage (see Appendix C.3 for
more information and results).

I implement the conditional transfer for mitigation as follows (for additional details, see
Appendix C.2). The transfer is levied in the richest four regions of the RICE model (US,
Other High Income countries, Japan, and EU), with each region contributing in proportion
to its net output®. The total (potential) transfer quantity is set to $100 billion per year in
2025 (in 2025 dollars) and increases over time with the aggregate net output in the donor

regions®. While highly stylized, this implementation reflects the developed countries’ goal

28For a model with a single representative agent, the wealth-based component of the social discount
factor is approximated by ﬁ, where g is the growth rate in per-capita consumption. Note that ng is the
wealth-based component of the social discount rate (SDR) in the Ramsey Rule, SDR ~ p + ng, reflecting
the rationale for discounting future consumption if future generations are richer.

29Net output is the gross output/production minus climate damages.

30Note that the transfer potential might not be exhausted if not all of it is needed to fully abate emissions
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of jointly mobilizing $100 billion per year by 2020, which was first agreed upon in 2009 at the
Conference of the Parties (COP) 15 in Copenhagen (UNFCCC, 2009), and extended through
2025 at COP21 in Paris, after which a new collective goal shall be set of at least $100 billion
per year (UNFCCC, 2015). I refer to this trajectory of the total transfer quantity as the
Paris Agreement transfer.

The total transfer is then allocated optimally, in terms of maximizing the utilitarian
SWEF', toward abatement in the remaining eight regions. An important question is whether
this internationally financed abatement (hereafter “foreign abatement”) is additional to the
domestic abatement that would have taken place in the absence of the transfer. In essence,
this depends on the conditions that donor countries impose on the transfer provision, in
particular, with respect to its additional effect on emission reductions. I consider both cases:
the presence and absence of an “additionality” condition, and I refer to the foreign abate-

[3L. In the case of the former, I impose additional

ment as either additional or non-additiona
constraints on the optimization problem so that the domestic abatement costs cannot fall
below their optimal level in the absence of the transfer. For the uniform carbon price solu-
tion, I set the constraint equal to either the domestic abatement costs of the uniform or the
differentiated carbon price solution. I consider additionality relative to the differentiated car-
bon price solution as the main scenario, given that the differentiated carbon price solution,
which equalizes the marginal welfare cost of abatement across regions, is most straightfor-
wardly in accordance with the principle of “common but differentiated responsibilities” of
the UNFCCC (Budolfson and Dennig, 2019). It may thus be considered closest to the ac-
tual political constraints imposed on the transfer provision. Conceptually, the constraint on
the domestic abatement costs reduces the feasible set among which the social planner can

choose, (weakly) reducing global welfare.

Optimization algorithms. The optimization problems are solved with the numerical
optimization algorithm “NLOPT_LN_SBPLX” which is an implementation of the Subplex al-
gorithm (Rowan, 1990) in the NLopt (nonlinear-optimization) package (Johnson, 2020).
For the implementation of the transfer constraints, I use the augmented Lagrangian algo-
rithm “NLOPT_AUGLAG”, which is an implementation of the algorithm by Birgin and Martinez
(2008). Some parts of the source code for the implementation of the optimization algorithms
were adopted from the mimi-NICE model (Dennig et al., 2017) and the RICEupdate model
(Dennig et al., 2019), which is based on Mimi-RICE-2010.

in recipient regions.
31Note that “non-additional” here merely means the absence of an additionality condition. It does not
necessarily mean that the transfer for mitigation does not yield additional abatement.
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4.2 The role of welfare weights
4.2.1 The effect on optimal climate policy

This section investigates how optimal carbon prices depend on the choice of welfare weights
in the absence of international transfers. Moreover, I distinguish between two utilitarian
solutions depending on whether carbon prices are constrained to be uniform.

It is useful to first examine the overall stringency of the optimal climate policy paths.
To this end, Figure 3 shows the respective optimal atmospheric temperature trajectories
for different optimization problems and different utility discount rates (also referred to as
the pure rate of time preference in the literature); specifically, I compare the results for the
utility discount rates used by Nordhaus (1.5%) and Stern (0.1%), respectively (Nordhaus,
2011; Stern et al., 2006)32.

3.01
o
254 Utility discount rate
- 0.1%
—_— 1.5%

2.04
Optimization problem

=== Negishi-weighted SWF
1.51 == Utilitarian SWF: uniform carbon price

= Utilitarian SWF: differentiated carbon price

Atmospheric temperature change (°

2000 2050 2100 2150 2200
Year

Figure 3: Optimal atmospheric temperature trajectories conditional on the op-
timization problem and the utility discount rate. The Negishi-weighted solutions
(red) are compared to the solutions under the utilitarian objective with (green) and without
(blue) the additional constraint of equalized regional carbon prices for the Nordhaus (solid
lines) and Stern (dashed lines) utility discount rates (Nordhaus, 2011; Stern et al., 2006).
Temperature changes are relative to 1900.

The utilitarian solutions yield lower optimal temperature trajectories than the Negishi

32Like Negishi weights, the utility discount rate also places different weights on the welfare of different
people. However, it does so on the basis of time — giving lower weight to the welfare of future generations —
rather than on the basis of the wealth (or, more precisely, the consumption level) of an individual. The issue
of discounting future utilities is heavily debated among economists and has received much more attention
than the use of Negishi weights.
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solution for both utility discount rates. Allowing for differentiated carbon prices in the
utilitarian optimization results in the lowest warming trajectories. Figure 3 also shows the
well-known large sensitivity of optimal climate policy to the utility discount rate. Specifically,
peak warming is 3.00°C (1.84°C) in the Negishi solution, 2.93°C (1.73°C) in the utilitarian
solution with uniform carbon prices, and 2.60°C (1.59°C) in the utilitarian solution with
differentiated carbon prices for the 1.5% (0.1%) utility discount rate.

The corresponding cumulative global industrial®® carbon dioxide emissions for the entire
model horizon from 2005-2595 are shown in Table 1. The effect of increased optimal abate-
ment in the utilitarian solutions relative to the Negishi solution is larger for the lower utility
discount rate, when the welfare impact of future damages is given comparatively greater
weight. Specifically, relative to the Negishi solution, the optimal cumulative global indus-
trial CO emissions are around 5% (13%) lower for the utilitarian solution with the additional
constraint of uniform carbon prices, and 21% (27%) lower for the utilitarian differentiated

carbon price solution, using the 1.5% (0.1%) utility discount rate.

Table 1: Cumulative global industrial CO, emissions (GtCO,) depending on the
optimization problem and the utility discount rate.

Optimization problem

Utility Neoishi SWF Utilitarian SWEF: Utilitarian SWEF:
discount rate & Uniform carbon price Differentiated carbon price
1.5% 3,815 3,629 3,032

0.1% 1,373 1,199 1,005

The trajectories of the optimal carbon prices®* and the corresponding industrial emissions
for a utility discount rate of 1.5% are shown in Figure 4. The utilitarian solution with uniform
carbon prices yields similar trajectories as the Negishi solution, albeit a slightly increased
mitigation effort, with most regions reaching zero (industrial) carbon emissions in the first
half of the 22nd century. The utilitarian solution with differentiated carbon prices presents
vastly different results. The carbon price trajectories in rich regions (US, EU, Japan, and
Other High Income countries) are much higher compared to the path of the optimal uniform
carbon price, while the carbon prices in poor regions start low and rise relatively slowly. The
four rich regions (and Russia) reach zero carbon emissions within this century, while carbon

emissions in poorer regions continue throughout the 22nd century.

33There are two sources of emissions in RICE: endogenous region-level industrial emissions and exogenous
emissions from land use change. Industrial emissions constitute the bulk of total emissions. The cumulative
exogenous emissions from land use change over the entire model horizon from 2005-2595 are 29 Gt COq
globally.

34Note that all dollar values are 2022 USD. I convert the 2005 USD values of the RICE model to 2022
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Figure 4: Optimal trajectories for carbon prices and industrial emissions condi-
tional on the optimization problem. Results are for the utility discount rate of 1.5%. a,
b, ¢, the optimal carbon price trajectories under the Negishi solution (a) and the utilitarian
solution with (b) and without (c¢) the additional constraint of equalized carbon prices. d, e,
f, the corresponding industrial emission trajectories. Note that the carbon price decreases
once it reaches the region-specific backstop price. Also note that Mimi-RICE-plus only yields
an approximately equalized carbon price for the Negishi solution.
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Table 2: Optimal carbon price in 2025 (in 2022 $/tCO,) de-
pending on the optimization problem and the utility discount
rate (p).

Utility discount rate
p=15% p=0.1%

Optimization problem

A) Negishi-weighted SWF 25 100*

B) Utilitarian SWEF: uniform carbon price 29 121

C) Utilitarian SWF: differentiated carbon price
Us 338 > 410
Other High Income 233 > 501
Japan 232 > 638
EU 199 > 638
Russia 78 > 273
Latin America 48 202
Middle East 44 182
China 32 134
Eurasia 24 103
Other Asia 10 44
India 10 41
Africa 5 23

Note: Mimi-RICE-plus only yields an approximately equalized carbon price for the Negishi solution.
In this case (*), it varied between 98 and 102 $/tCO2 across regions. The “>” sign indicates that
the regional backstop price has been reached. Thus, any price above the backstop price is optimal as
complete abatement is required.

The optimal carbon prices in 2025 are shown in Table 2 for both utility discount rates.
As noted above, the uniform carbon price is somewhat higher (about 20%) for the utilitarian
solution compared to the Negishi solution. More striking, however, are the large differences
in optimal carbon prices across regions when the constraint of equalized carbon prices is not
imposed. This yields very substantial carbon prices in rich regions — exceeding ~$200/tCOs,
even for the high utility discount rate — and much lower carbon prices in poor regions. For the
lower Stern utility discount rate, the richest five regions have already reached their backstop
price in 2025, yielding zero carbon emission.

Finally, regional cumulative industrial emissions depending on the optimization problem
are shown in Figure 5 (for the high utility discount rate). The utilitarian solution with
uniform carbon prices yields somewhat lower emissions than the Negishi solution. The util-

itarian solution with differentiated carbon prices requires much higher abatement in most

USD values using the World Bank GDP deflator (World Bank, 2023b).
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regions (but particularly in the richest regions) due to the overall increased stringency of cli-
mate policy. However, the cumulative carbon emissions of the poorest three regions (Africa,

India, and Other Asia) increase relative to the Negishi optimum.

600
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400+ B Negishi-weighted SWF

. Utilitarian SWF: uniform carbon price

. Utilitarian SWF: differentiated carbon price
2001

Japan EU Ru551a LatAm MldEast Chlna EuraS|a OthAs Indla Afrlca
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Figure 5: Optimal cumulative industrial emissions depending on the optimization
problem. Note that these are the results for the utility discount rate of 1.5%.

The underlying reason for a more stringent climate policy under the utilitarian SWF
is that, in contrast to the Negishi-weighted objective, the utilitarian objective reflects that
a certain change in consumption has a greater welfare effect for a poor person than for a
rich person. The utilitarian objective is thus more sensitive to the interests of the poor,
whose welfare is harmed the most by a given climate damage® and who tend to bear a
disproportionately large share of the damages.

Allowing for differentiated carbon prices under the utilitarian objective further increases
the stringency of optimal climate policy relative to the utilitarian uniform carbon price
optimum. In addition to its sensitivity to the welfare of the poor, this solution also reflects
that the disutility of a unit of abatement cost is lower in regions with higher consumption
levels. Welfare maximization thus requires higher marginal abatement costs (and implied
carbon prices) in richer regions and lower marginal abatement costs in the poorest regions.
This is the result that was theoretically demonstrated by Chichilnisky and Heal (1994) and in
Section 3.2.4 of this paper. The additional abatement in rich regions outweighs the reduced
abatement in the poorest regions, resulting in increased emission reductions overall. The

differentiated carbon price optimum is discussed in more detail in Appendix C.4.

35This is the case even for a certain percentage damage relative to one’s consumption if the elasticity of
the marginal utility of consumption, 7, is greater than 1. For most of the analysis of the present paper, and
unless noted otherwise, 1 is set to 1.5, matching the value used in the original RICE model.
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4.2.2 Regions’ preferred uniform carbon prices

Section 3.2.3 derived the condition under which the utilitarian uniform carbon price exceeds
the Negishi-weighted carbon price for a simple static two-region model. The previous section
documented that this is the case for the RICE model. Moreover, from the stylized theoretical
model in Section 3.2.5 we know that this is the case if and only if the poorer region prefers
a higher uniform carbon price than the richer region. The aim of this section is to gain
additional intuition for this result by examining regions’ preferred uniform carbon prices in
the RICE model. Moreover, regions’ preferences regarding the level of a uniform carbon price
are informative in their own right, for example, to understand which regions may be inclined

to push for more or less stringent global climate policy in international negotiations®.
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Figure 6: Region’s preferred uniform carbon prices and corresponding temper-
ature trajectories. Note that these are the results for the utility discount rate of 1.5%.

Figure 6 shows each region’s preferred uniform carbon price trajectory as well as the
resulting trajectory for the atmospheric temperature change. Three regions (Russia, Eura-
sia, China) prefer carbon prices that yield complete abatement in the first period®”. The
underlying reason is that these are the regions with the lowest backstop technology prices,
which place an upper bound on the marginal abatement costs. The results indicate that the
regions with the cheapest backstop technologies prefer to set the carbon price at a level that
forces all regions to completely abate emissions, knowing that their own marginal abatement

cost is bounded at a lower level than for other regions®®. However, this result should perhaps

36However, it is important to note that within the framework of international negotiations under the Paris
Agreement, which emphasizes nationally determined contributions, a globally uniform carbon price has not
been the central focus.

37That is, the first period in which carbon prices are set in the model, which is assumed to be 2015.
Carbon prices in 2005 are assumed to be zero.

38Indeed, these three regions have the highest preferred uniform carbon prices solely because of the effect
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not be taken too seriously since it depends on the assumed large differences in backstop
technology prices in the RICE model.

Importantly, however, the region with the next highest preferred uniform carbon prices
is Africa, the poorest region in the RICE model, mainly due to its disproportionately large
climate damages (see Figure A3). On the other side of the spectrum, the richest region in
the model, the US, has among the lowest preferred uniform carbon prices until 2115. While
the overall effect depends on all regions, this gives rise to the following intuition for higher
carbon prices in the utilitarian solution with uniform carbon prices than in the Negishi
solution. Negishi weights give a lower weight to the welfare in poor regions (like Africa),
which tend to prefer higher carbon prices, and a higher weight to rich regions (like the US),
which tend to prefer lower carbon prices. Consequently, the Negishi solution yields lower
carbon prices than the utilitarian solution which places an equal weight on the welfare of
all regions. Indeed, the large welfare gains from higher uniform carbon prices in Africa are
the primary reason for higher carbon prices in the utilitarian uniform carbon price solution

compared to the Negishi solution (see also Figure 8b).

4.2.3 Distributional effects

Different intratemporal welfare weights lead to different distributional outcomes. This section
examines which regions are better-off, and which regions are worse-off, under the utilitarian
solutions compared to the Negishi solution.

The higher carbon prices in the utilitarian uniform carbon price solution result in con-
sumption losses from increased abatement costs in all regions until 2055, and consumption
gains from lower climate damages later on (see Figure 7b). Yet, there is a large heterogene-
ity in consumption changes across regions. Notably, Africa has the smallest consumption
losses (in percentage as well as absolute terms) in the first half of this century and starts
to experience consumption gains after 2055. On the contrary, consumption losses in Russia,
Eurasia and China are much larger and consumption gains start several decades later. In
general, however, consumption changes are relatively small and do not exceed £0.25% of the
consumption level in the Negishi solution (for consumption changes in absolute terms, see
Figure A4 in the appendix).

Consumption changes between the utilitarian differentiated carbon price solution and the
Negishi solution are considerably larger (see Figure 7a). Moreover, the poorest four regions

are now better-off in all periods, due to both lower abatement costs in their regions and

of setting the carbon price above their own backstop price. That these regions do not prefer higher uniform
carbon prices in the absence of this effect can be seen in Figure 8, which shows that they incur the greatest
relative present value consumption losses resulting from the higher carbon prices in the utilitarian solution
compared to the Negishi solution.
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Figure 7: Relative regional consumption changes between the Negishi solution
and the utilitarian solutions. Consumption changes are percentage changes relative to
the consumption level in the Negishi solution. Positive values indicate a higher consumption
level in the utilitarian solutions. Note that these are the results for the utility discount rate
of 1.5%.

lower global emissions. Consumption in the richer regions is lower initially due to the higher
carbon prices in these regions under the utilitarian solution with differentiated carbon prices.
However, after 2150, all regions enjoy consumption gains. Thus, the increased abatement in
rich regions does not lead to persistently lower consumption trajectories. In addition, it is
worth noting that the consumption losses in rich regions do not imply negative consumption
per capita growth rates. More generally, the consumption per capita trajectories of all
regions are not heavily altered, especially compared to the magnitude of the inequality across
regions. Thus, while the utilitarian solutions result in greater global welfare by accounting
for the background inequality in setting the carbon prices, they do not solve the inequality
issue. The consumption per capita trajectories for the regions with the largest positive and
negative consumption changes, Africa and the US, respectively, are shown in Figure A5 in
the appendix.

I also calculate the net present value (NPV) of consumption changes to understand how
regions’ aggregate intertemporal welfare changes (see Figure 8). More specifically, I compute
the consumption changes in the initial period (2005) that would yield a welfare change (in
utility terms) that is equivalent to the welfare difference between each of the utilitarian
solutions and the Negishi solution. The details of this calculation are provided in Appendix
A.10.

Unsurprisingly, the utilitarian differentiated carbon price solution results in NPV con-
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Figure 8: Net present value of consumption changes. The values show the welfare-
equivalent consumption change in 2005, as a percentage of the consumption in 2005 (for
details, see Appendix A.10). Note that these are the results for the utility discount rate of
1.5%.
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sumption losses (relative to the Negishi solution) in rich regions, where carbon prices are
high, and NPV consumption gains in poor regions, where carbon prices are low (see Figure
8a). The region that benefits the most from higher carbon prices in the utilitarian uniform
carbon price solution, relative to the Negishi solution, is the poorest region, Africa (see Fig-
ure 8b). This also strengthens the intuition that it is primarily the down-weighting of Africa
in the Negishi-weighted SWF that results in lower carbon prices in the Negishi solution. The

relatively cold regions of Russia and Eurasia experience the greatest consumption losses.

4.3 The role of climate finance
4.3.1 The effect on optimal climate policy

This section evaluates how conditional transfers for mitigation affect welfare-maximizing
(utilitarian) carbon prices. As described in Section 4.1.2; the total transfer quantity increases
with the GDP of donor regions from a baseline of $100 billion per year in 2025.

I start again by examining how the transfer affects the overall stringency of the optimal
climate policy paths. Figure 9 shows the optimal temperature trajectories in the presence of
transfers that finance mitigation in recipient regions. Under both the uniform and the dif-
ferentiated carbon price solutions, the availability of foreign-funded abatement considerably
increases the welfare-maximizing climate policy stringency, resulting in lower optimal warm-
ing. In particular, foreign abatement reduces peak temperatures by around 0.17°C (0.18°C)
under the utilitarian differentiated (uniform) carbon price solutions if the transfer is used for
additional abatement (relative to the domestic abatement level of the differentiated carbon
price solution without transfers). This corresponds to a 14% (12%) reduction in cumulative
global industrial emissions (see Figure 10).

The differentiated carbon price solution with additional foreign abatement may be par-
ticularly relevant (from a normative perspective) as it may be considered closest to the
welfare-maximizing climate policy conditional on plausible real-world constraints on trans-
fers; namely, restricted general redistribution and an additionality condition on the provision
of transfers for mitigation. It is thus especially interesting to compare it to the conventional
Negishi solution. Cumulative global emissions are 31% lower under the differentiated carbon
price solution with additional foreign abatement (see Figure 10), resulting in a reduction of
peak warming by 0.57°C, from 3.00°C to 2.43°C (see Figure 9).

Transfers for mitigation also substantially affect carbon prices. Figure 11 shows the util-
itarian differentiated carbon prices conditional on the transfer scenario. It is first worth not-
ing that the marginal abatement costs of the foreign abatement are lower than the marginal

abatement costs in donor regions. Thus, foreign abatement is inframarginal from the per-
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Figure 9: Optimal atmospheric temperature trajectories conditional on the op-
timization problem and the transfer scenario. The Negishi-weighted solution (red) is
compared to the utilitarian solutions without (teal) and with foreign abatement (grey). The
different shades of grey indicate the transfer scenario regarding the additionality condition
of foreign abatement (diff./uni.: foreign abatement funding is additional to the domestic
abatement spending in the utilitarian no-transfer differentiated/uniform carbon price solu-
tion. Temperature changes are relative to 1900. Note that these are the results for the utility
discount rate of 1.5%.
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Figure 10: Optimal cumulative industrial emissions depending on the optimiza-
tion problem and the transfer scenario. This figure shows the results for foreign abate-
ment that is additional relative to the utilitarian no-transfer differentiated carbon price
solutions. Note that these are the results for the utility discount rate of 1.5%.
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spective of the donor regions; that is, international mitigation finance is used for relatively
cheap abatement options in recipient regions. This also indicates that the constraint on the
total level of mitigation finance is binding®®. In other words, the social planner would prefer
to relax this constraint and increase mitigation finance to enhance global welfare.
Moreover, two features of the optimal transfer allocation are worth highlighting: (1)
transfers are allocated to the poorest regions first (since this reduces the welfare cost of
abatement the most) and (2) transfers are allocated cost-effectively (i.e., lowest cost abate-
ment options are pursued first). The second feature can be seen in Figure 11. Carbon prices
are lifted to a certain level in all regions (compare Panels (b) and (c) with foreign abatement
to Panel (a) without foreign abatement) “°. For example, carbon prices in 2025 are lifted to
at least $44/tCOs in all regions in the main transfer scenario with additional foreign abate-
ment; a substantial increase from as low as $5/tCOy in Africa without foreign abatement.
In the scenario with non-additional foreign abatement, the stepwise trajectory emerges from
the social planner’s decision on how to crowd out domestic abatement in recipient regions.
The lower bound of marginal abatement cost increases as abatement in some of the recipient
regions starts to increasingly be funded from domestic sources, releasing funds that are then

redirected to other (poorer) recipient regions.

No foreign abatement Non-additional foreign abatement Additional foreign abatement
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Figure 11: Optimal differentiated carbon price trajectories conditional on the
optimization problem and the transfer scenario. The figure shows the utilitarian dif-
ferentiated carbon prices under (a) no foreign abatement, (b) non-additional foreign abate-
ment, (c) additional foreign abatement. Note that the carbon price decreases once it reaches
the region-specific backstop price. Results are for the utility discount rate of 1.5%.

Foreign abatement also has a large effect on optimal uniform carbon prices (see Table

39Note that, in some scenarios, the constraint stops binding in the second half of the 22" century.
40Note, however, that this price level may be exceeded through domestically-funded abatement.
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3). Importantly, the welfare-maximizing uniform carbon price in 2025 roughly doubles from
$29/tCO, without transfers to $54/tCO, when the “Paris Agreement transfer” is used to
finance additional abatement in developing countries; a price more than twice as high as
the carbon price of the conventional Negishi solution of $25/tCOs. The important policy
implication is that the availability of international climate finance for mitigation considerably

increases the carbon prices that maximize global welfare.

Table 3: Optimal uniform carbon prices ($/tCO,) depending on the opti-
mization problem and the transfer scenario.

SWEF: Negishi Utilitarian Utilitarian Utilitarian Utilitarian
Foreign abatement: No No Yes Yes Yes
Additionality: N/A N/A No Differentiated ~ Uniform
Year: 2025 25 29 45 54 o8
2035 34 39 51 64 68
2045 46 52 65 78 88
2055 60 68 85 98 116
2095 142 153 170 180 189

Note: The table shows the results for a utility discount rate of 1.5%. The third row (“Additionality”) specifies whether
the foreign abatement funding is required to be additional to the domestic abatement spending in the utilitarian no-
transfer differentiated/uniform carbon price solution. The total transfer quantity, in the scenarios with transfers, is
$100 billion per year in 2025 and increases over time with the aggregate net output (GDP) of the donor regions.

4.3.2 Optimal transfer allocation

The optimal allocation of international mitigation finance is shown in Figure 12, for the case
of additional foreign abatement relative to the differentiated carbon price solution without
transfers. The pattern of the optimal allocation over time is similar under both the differ-
entiated and uniform carbon price solutions. The region that receives most of the financial
support is China in the next couple of decades, followed by Other Asia and India in the sec-
ond half of this century. The poorest region in the model, Africa, requires the most support
in the twenty-second century. The reason that China receives most of the transfer in the
near-term is because of its large economy and associated abatement opportunities. The logic
is that abatement in China absorbs most of the transfer as the marginal abatement costs are
increased uniformly across recipient regions to allocate mitigation finance cost-effectively.
The richest recipient region, Russia, is the only region that does not receive any foreign

funding.
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Figure 12: Optimal allocation of international mitigation finance over time. The
optimal transfer allocation trajectories are shown under (a) the differentiated carbon price
solution, and (b) the uniform carbon price solution. In both cases, foreign abatement funding
is required to be additional to the domestic abatement spending in the utilitarian no-transfer
differentiated carbon price solution. Results are for the utility discount rate of 1.5%.

5 Conclusion

This paper explores the differences between optimal carbon prices that ignore intratempo-
ral inequality and those that consider inequality, along with the distribution of costs and
benefits associated with emission reductions. Specifically, it compares the optimal carbon
prices under two main optimization approaches: the conventional, positive approach which
maximizes the Negishi-weighted social welfare function (SWF), and a normative approach
which focuses on maximizing global welfare, relying on constrained maximizations of the
utilitarian SWF.

Using a theoretical model, I show that, in the absence of international transfers, account-
ing for inequality may result in higher or lower optimal carbon prices and that this depends
on the distribution of the marginal climate damages and the burden of the abatement costs
on different countries. Intuitively, global welfare maximization warrants more stringent cli-
mate policy if poor populations face disproportionately high marginal climate damages and
low abatement costs, highlighting the importance of accurately accounting for the regional
heterogeneity in the damage and abatement cost functions. In numerical simulations with
the integrated assessment model RICE, I find that accounting for inequality results in lower
optimal global emissions, both if carbon prices are allowed to be regionally differentiated

and if they are constrained to be globally uniform.
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Moreover, focusing on the “Paris Agreement transfer” of $100 billion per year, I find that
financial support for mitigation in developing countries considerably increases the stringency
of welfare-maximizing climate policy under both the uniform and the differentiated carbon
price solutions. For instance, the welfare-maximizing uniform carbon price in 2025 almost
doubles, from $29/tCO2 to $54/tCO2, under the default discounting parameters in RICE.

To summarize, the important policy implication is that international mitigation finance
and accounting for inequality both increase the stringency of the climate policy that max-
imizes global welfare. There are some limitations of this study which are left for future
research. First, the RICE model masks inequality within its twelve regions. Thus, a valu-
able avenue for future research would be to account for inequality at a finer resolution and
examine how the quantitative results change. FExisting modifications of the RICE model
may be used for this analysis, including NICE and RICE50+ (Dennig et al., 2015; Gazzotti
et al., 2021).

Second, the numerical simulations of this study are performed with a single integrated
assessment model (IAM). As different IAMs are known to produce different results, it would
be worthwhile to replicate the analysis with other IAMs to assess the robustness of the find-
ings of this paper. Another insightful exercise would be to modify certain model components
of the RICE model and explore how the results change. This may be guided by the theo-
retical results of this paper, which identify the functional forms of the regional damage and
abatement cost functions as important elements determining the results. Given the lack of
consensus in empirical studies regarding the forms of damage and abatement cost functions,
it would be valuable to assess how the results change when these functions are substituted

with alternative formulations from the literature.
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Appendix A: Proofs and Derivations

A.1 Derivation of optimal carbon prices

This section shows the derivation of the optimal uniform carbon price (Equation (9) in the
main text). As discussed briefly below, the derivation of the optimal differentiated carbon
prices is largely analogous (and, in fact, simpler) and therefore not explicitly shown.

The Lagrangian of the uniform carbon price optimization problem is

L= oqu; (X;) =Y N (X — Wi + Ci(A;) + Dy(A))

(A1)
— 1 (Cy(An) — Cs(As))
where \; and p are Lagrange multipliers.
The first-order conditions (FOCs) are:
[AN] = AnvCiv( Z ANDi(A) = pCR(Ax)
[Ag] : \sC%(Ag) = Z A Di(A) 4 uCh(Ag) (A2)
1] : Oy (An) = C(As).
Combining the FOCs, we get the following two optimality conditions:
ayu' (Xn)Cy(Ay) = ZauD’ — uCy(An), (A3)
asu' (Xg)Ch(Ag) = Z ag, Di(A) + pCé(As). (A4)

We can now solve these two equations for the optimal uniform carbon price, noting
that C'\(An) = C4(Ag) by the uniform carbon price constraint. Eliminating u by dividing
Equation (A3) by Equation (A4), and simple manipulations yield the optimal uniform carbon
price (Equation (9) in the main text),

Cl!(A*) + C// (A* )
Cl* A* _ a U ) S N N .
-2 DA e () C(As) + s (X2) O ()

(A5)

The derivation of the optimal differentiated carbon price is largely analogous. The main

56



difference is that the uniform carbon price constraint is missing (i.e., u(Cy\(An) — C5(As))
is missing in the Lagrangian). As a result, we (generally) get different optimal carbon prices

in the two regions.

A.2 Derivation of optimality conditions
A.2.1 Negishi solution

We start with Equation (11),

dCi(A) _ 3 dD;(A) (A6)

Multiplying both sides by , and using dA = dAg + dAy, yields

dCi(A;) dAg —|— dAN
=— AT
A Z (A7)
. ~ _ dCn(An) _ dCs(Ag) .
Using 7 = ;VANN = ;ASS , we obtain
dCi(A)) dD;(A)
=— . A
zi: a7 T (A8)
A.2.2 Utilitarian uniform carbon price solution
We start with Equation (13),
dC;i(A; . .dD;(A Cl(As) + C% (A
(V ):—ZU/(Xz) (v ) _ (V) ( N) _ ] (A9)
dA; dA  W(X§)CU(Ag) +u/'(Xs)CK(AnN)
Using CV = Z%{f = %, multiplying both sides by ‘jl—f and rearranging, we have
dCi(A; (XN)ﬂ +u/ (X ) A
dz(i ) dr dr - Z u ) (AlO)
( dAs " dAN
Using d0s(As) _ dOn(Ax ), equalizing the denominators of the ratios in the denominator

dAg dAN
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and rearranging yields

. dA

Cs( A5)dCn (Ay)

. dA ( 15)dCn(Ap)

"Xy
XN o dCS(

Using 7 = d0s _ dON and thus FdA; =

dAs  dAn’

. dAg +dAy p dCn(Ay)

F— U (Xy)———=
TdAg + TdAN dr

which simplifies to

Zu

s) +dCy(Ay)

=— Z (%)

+u'(Xg -
“ ( )dANdT dCS( ) + dCN(AN>

DAy (A1)

= dC; for all i, we rewrite the previous equation as

A.2.3 Regions’ preferred uniform carbon price

We start with Equation (20),

dCi(AY)
dA

. ne fiy _ dCLAYD g
Using CI'(AY) = AT = b
44 and rearranging, we have

and C’”(Al) =

(g 1) ) “2 WX DA
Z ., /U (A13)
dDi(A)) Cf (Ai) + C7,(AL,) | (Al4)

dAi C" (AL

dCl ( ) _ d,;'.i
dA? — AL )

multiplying both sides by

a7
¥ oy G | dFt
dC;(AY) dD;(A?) aAi " dAT,

i o i dtt

dA: dA aA

dD;(A?) [ dA,
- ) o + 1
dAi dA

(A15)
_dDy(AY) (AT, + dA!
dAi dAl
~ dD;(AY)

dA
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Multiplying both sides by 2?57 we obtain

dCy (A1) dD;(AY)
—_— = - A16
7 47 (A16)

A.3 Proof of Proposition 1

Proof. Formally, the optimal uniform carbon price does not depend on welfare weights if

d,runz

da;
under which dT

= 0 for all i, or equivalently, dci = 0 for all 7. We thus seek to identify the conditions
=0.

First, we compute the derivative 4

unig

(the derivation for " is analogous):

d d

drunt dA N dA dA
- [<{ uly +anuf (o 2N 4 Dy Dy — anuly DR )
LN

do N do N do N
dA dA dA
7 ’ S ’ / N
+< agug |Cg—— + Dg—— Ds*asusD37>]
da da da

cq +cy
aNu’NCg +o¢sug‘C§\ll
v 1o
—(anyunDyn +agugDg)
11 dA 1" dAN ’ n 1~
<CS —idaN +CN (aNuNCE +asusCR)
(aNu;Vcﬂ +agulycl)?

+(anuDy + agugDy)

7" 7 ; dAN dA m (dAg " s dAg /. _dA 1 (AN
(CS+CN)(<{U.N+QN'LL [CNdaN Dy A |l cd +anul Ol (GaS)) + (losud |-Chgas - DA |} O + asuls O (Fak

(anulyCl + agulyCfy)?

(A1T)

Next, we note that we can simplify this expression substantially by utilizing the fact that

dTun'L

7

we are looking for conditions under which = 0. For strictly convex abatement cost

functions, we have the following 1rnphcat10ns.
drun dc’ dA; , dcC; dD; du

don 0 — Jon 0 — . 0,Vi — . O’daN O’daN 0,Vi. (A18)

Equation (A17) then simplifies to

dr ___yDN(C+ CR) | (awuyDy + asusDE)(C5 + CRunCs 0
daw — awuyCl+ assCT (anthy Ol + asuCl)? )

dT’u,nl _ O

which I have now set to zero because we have used
Note that we can now cancel (C% + C%;). Next, we multlply and divide the first term by

its denominator to obtain common denominators, which we then cancel, yielding

—uy Dy (anuyC§ + asusCy) + (anuly Dy + asusDy)ulyCe = 0. (A20)
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Canceling vy, multiplying out and rearranging yields
anuy(C¢Dy — CgDy) = asug(CyDy — CsDy). (A21)
Notice that the left-hand side is zero
0 = asus(CN Dy — CEDY). (A22)

Divide by aguy and rearrange to obtain

ct DYy
— = : (A23)
Yy Dy
Thus, we have shown that
dTum' C// D’
=) — -5 =N A24
day cy Dy ( )
The derivations are analogous for %. Together this proves that
dTum O// D/
=0 = 2 =Ny A25
doy cr Dy (A25)

We have thus shown that the optimal uniform carbon price does not depend on the

welfare weights «; if and only if DD;i = g—é,’ O

A.4 Proof of Proposition 2

Proof. We split the proof into the forward and backward implications.

by ¢y

b, =~ i

Let us ask under which conditions 7 < 7, or equivalently, C’ < C’. First note that, for

Proof of forward implication: 7 < 7 —

>

strictly convex abatement cost functions, C' < implies A; < A for all 7, and thus A< A.
For strictly convex damage functions, this implies D; < D; (note that marginal damages of

abatement are negative) for all i.
We have €’ < C" if and only if

Ch+ CY

—D), — Dy < (=i D'y — D’ _ —

(A26)

Multiplying both sides by the denominator on the right-hand side (which is positive),
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and rearranging, we get
(it Dly + s D) (L + Cl) < (Dly + D) (i C+ s C). (A27)
Multiplying out and collecting terms, we have
o (a;VD;V vl Dl — wsDly — @Sbg) < (a'ND;V vl Dy — iy DYy — aSD’S). (A28)

We know that <12’ND§V + iy DYy — gDy — 225[)’5> > 0 if @y > @y and D} < D} because
WDy — wsDy > 0 since D} < D} and @Dy — @D}y > 0 since iy > @y and D} < D\
Hence, we can divide by it and the sign of the inequality does not flip. Moreover, note that

we must also have
(a'ND;V VDl — iy Dy — aSD’S> >0 (A29)

for the inequality in Equation (A28) to hold, since C? > 0 for all i.

Cross-division, collecting common terms, and rearranging yields

Ct, _ ity (Dly — Dy + D) — its Dl
Gy ™ uly Dl — (D — D + D)

(A30)

Note that

Dy — D\ +Dy < D (A31)
0
<

and
Dy — Dy +Dy < Dy (A32)
——
<0
Thus, for the numerator we have

>0 by Equation (A29)

Wy (DY — Dy + DY) —ilyDly < iy DYy — iy Dy

(.

-~

<D (A33)

> 0,
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where the second inequality holds since f)’s < DY and the last inequality holds since iy > iy

Similarly, for the denominator we have

ity Dy — iy (Ds — D}y + Diy) > ity Dy — s Dy

(.

<D
" . . (A34)
> Dy — gDy

> 0,

where the second inequality holds since D’S < D/ and the last inequality holds since ity > )y .
Compared to the case “Negishi = Utilitarian”, we have a greater (positive) denominator,
and a smaller (positive, by Equation (A29)) numerator.

Putting this together we have

Cy _ (D = Dy + D) — s D
C§ iy Dy — ly(Dy — Dy + Djy)
i Dy — D,
NYN T UsN
_ Dj
— DEV.

We have thus shown that ¢’ < ¢/ — g—,s > %
N S

Proof of backward implication: g—:s > g—% = T <T.
N s ! ol
In order to derive a contradiction, suppose that g,s > gf,f — T > 7.
N s N .
We start by establishing the implications of 7 > 7, or equivalently, C' > C’. First note

that, for strictly convex abatement cost functions, c' > implies A; > A; for all 7, and

thus A > A. For strictly convex damage functions, this implies D} > D/ (note that marginal

damages of abatement are negative) for all 1.
Next, note that C' > C' if and only if

Ci+ C} (A36)

D\ — D> (=i Dl — it D . .
N S—( N~N S S)a,]vcg_’_agoj/\/f

Multiplying both sides by the denominator on the right-hand side (which is positive),

and rearranging, we get

(i Dy + W5 D) (C§ + C) = (Dly + D)ty C + @sCR)- (A37)
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Multiplying this out and collecting common terms gives
o (a;VD;V Dy — DYy — aSD’S> > ¢ (aND;V Dl — Dy — aSD’S>. (A38)
We know that

(a'ND;V vl Dy — iy DYy — aSD’S> >0 (A39)
because iy DYy — gDy > 0 since D} > D} and iy > iy and @y Dy — @y D)y > 0 since

D! > D..

Moreover, note that Equations (A38) and (A39) imply

(u'ND;V Dy — DYy — aSD'S) >0 (A40)
since C’{’ > ( for all 7. Hence, we can divide by it and the sign of the inequality does not

flip.

Cross-division and collecting common terms yields

Oy _ (Dl — Dy + D) — it D

S = o Py ~1 (TY y/ o (A41)
Cg — uyDy —us(Ds — Dy + Dy)
It is worthwhile to take stock at this point. So far, we have established that
11 ~1 (Y T N\ ol Ty
"> = C—ZX > lf,N(? N V?Nf Ds) / “5}75. (A42)
Cs — uyDy —us(Dg — Dg+ Dy)
Next, we show that g—,ig > g—% — (' > (' yields a contradiction:
N S
oy Dy
o S D
s N
Dy — Dy
iy DYy — wsDly
< WDy — s DYy (A43)

DYy — iy Dly

iy (Dy — Dy + Dg) — tigDg
Dy — tg(Dg — D+ Dy)
<Oy

< e

IN
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where the second and third inequalities follow from D! > D! for all i and the fact that
the denominator (and, trivially, the numerator) is positive by Equation (A40)*'. The last
inequality follows from the implication of ¢’ > " documented in Equation (A42).

C” C'«// D/ Cv//
We have reached the contradiction =% < =X, Hence, =2 > =X
cl cu "Dy T ¢l

and we have thus shown that we must have gi, > % — ' <.
S
Together, the proofs of the forward and backward implications yield the equivalence

— (' > (' is incorrect,

D/ Cr//

F>F o= 22> N (A44)
Dy = C4

]

A.5 Proof of Corollary 1

.. . . [ .o D cr . . ..
Proposition 2 establishes that 7 > 7, if and only if 7= > . We can rewrite this condition
N S
as
dr  _ _dA dAny _ df _ dA _ _dA _ _drf A4
dDs ~ dDg > dacl, — dAy  dAy  dCn  dCn’ ( 5)
dr dA dAg dr dA dA dr
where 941 — and the third equality on the right-hand side follows from dCs _ dCy
dr; C’”’ y g dAs  dAy
This establishes that
_dDs _dDy
dr dr Ad
dCs = dCy (A46)
7 dF

It remains to be shown that the left-hand side is greater than one, while the right-hand
side is less than one. I utilize Proposition 4 and Lemma 2 to show this.

From Lemma 2 we know that the utilitarian uniform carbon price (7) and the Negishi-
weighted carbon price (7) are in between the preferred uniform carbon prices of the Global
North (7V) and the Global South (7), unless they all coincide. Moreover, from Proposition
4 we know that the utilitarian uniform carbon price (7) is greater than the Negishi-weighted

carbon price (7) if and only if the preferred uniform carbon price of the Global South (7°) is

“INote that the denominator in the third line is positive because it is greater than the positive denominator
in the fourth line. This can be seen as follows:

>0
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greater than the preferred uniform carbon price of the Global North (7V). Therefore, ¥ > 7
implies 7% > 7 > 7 > 7V

From Equation (22) we know that the marginal benefit-cost ratio with respect to the
uniform carbon price equals one at the preferred uniform carbon price. That is,

_dDy(A(+1))

— a1, (A47)
dC; (f (7))

We can relate this to the marginal benefit-cost ratios at the utilitarian uniform carbon price.

For the North, we have % > %f(%)). To see this, note that we have
% = dg(l) since £ (%3 = 0 for all A;*? . Therefore, —dDNd(%;N(%N)) > % if and
only if —dDN;._]\(] ) dj‘il(%N) —dDNCE%( ) dg(f), which simplifies to —dDC’lVA(é(N) ) —dDC]lVé(f() D,

We know that this inequality holds from the strict convexity of the damage function and

since 7 > 7V implies A;(7) > A;(#V) for all z’ for strictly convex abatement cost functions.
Moreover, we have dCNC(lf](v ™M) o NG g the North. To see this, note that we

dCx (AGHY)) dAGY) dcﬁg A()) dA()
dA(#N) diN dA(F) dr

which in turn can be rewritten as

= 0 for all A,;.

can write this as

°N 1 ~ 1
T T s
onAEy < TegAm) e

Together, this establishes the following inequalities for the North:

This inequality holds since ¥ > 7%V and &'c v

Mﬂ __ dDn(A(7)) _ dDy(A(7))

— dr dr pr

N dCN(AN(f'N)) = dCN(AN(‘}’-N)) > dCN(AN(i')) . (A48)
d#N diN pra

Conversely, for the South, we have —dDSC(lAS(%S)) < —

have —97°_ — _d7_ ince PO _ ) for g]] A;. Therefore, M < dDﬂT if and

dA(+5) dA(7) dA3
_dDN(AG®) a#S . _dDs(A(7) _dr _st(A<r ) . _dDs(A(7)
drs dA(#5) A7 dA(x)’ dA(+5) dA(7)

We know that this inequality holds from the strict convexity of the damage function and

dDS(Am) To see this, note that we

only if which simplifies to

since 7+ < 75 implies A;(7) < A;(#5) for all i for strictly convex abatement cost functions.

dcs;fé*s)) > dcsé‘fi(%)) for the South. To see this, note that we can

d05§?<§f ) d’z(fs) dcigé()% ) d’z(f , which in turn can be rewritten as 75 m >

=0 for all A;.

Moreover, we have

write this as

. 1 d3c
Tenam): This inequality holds since ¥ < 7% and W

42This can be seen as follows:

dr dr dr 1

dA(r)  dAN(T)+dAs(T)

1 1 1 1 ’
AN Tt masm T ogasey T oztasmn

where the second equality holds since C(A;(7)) = —dr__ " Notice that the last term is constant since
% dA;(T)
d*C(A) _ 0
aas =Y
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Together, this establishes the following inequalities for the South:

_ _stc(lfs(%S)) N —dDszfm) N _stC(I;i(%» (a19)
dCs(ésS(%S)) dCS(j;%(%S)) dCs(és(f)) '
We have thus shown that
dDg dDy
% >1> % (A50)
dF dF

A.6 Proof of Lemma 1

Proof. We start by showing that 7¢ < 7. Suppose, towards a contradiction, that 7¢ > 7,
which is the case if and only if
. ol -
/ / / /
—Dy — Dy < —Dy— - DY. (A51)
s

Since % < 1 this inequality is satisfied if and only if A < A, and thus D; < [);
for all 7. From the definition of the utilitarian differentiated carbon price, we know that
Ts < 7n. However, 7 < Tg < 7 implies A> A, and we have thus arrived at a contradiction.
Therefore, we must have 7¢ < 7. Ag < Ag follows from the strict convexity of the abatement
cost function (and the definitions of the optimal carbon prices).

Next, we show that 7 < 7). Suppose, towards a contradiction, that 7 > 75, which is the
case if and only if

~/
— D)y — D > —%SD/S — Dy, (A52)
N

Since % > 1 this inequality is satisfied if and only if A > A, and thus D > D/ for all
1. From the definition of the utilitarian differentiated carbon price, we know that 7¢ < Tyn.
However, 7 > 7y > 7g implies A< A, and we have thus arrived at a contradiction. Therefore,
we must have 7 < Tyn. AN > Ay follows from the strict convexity of the abatement cost

function (and the definitions of the optimal carbon prices). O

A.7 Proof of Proposition 3

Proof. We first need to obtain expressions for the abatement as a function of the marginal
abatement cost. As stated in the main text, the proof of this proposition makes use of the
following functional form assumption on the abatement cost function: C;(4;) = k;A?. The
marginal abatement cost is thus C(A;) = 2k;A; and the second derivative is C'(A4;) = 2k;.
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cr
Therefore, k; = =-.

We invert the marginal abatement cost function to obtain an expression for the abate-

ment:
1 /7.—1

We split the proof into the forward and backward implications.
Proof of forward direction: A > A — %D—,ﬁq > Cf,\/,’.
N Dy Cs

We start by establishing the implications of A> A First, A> A implies Ay + Ag >
Ay + Ag. Therefore, A > A if and only if

Civknt + Chkgt < Civkyt + Clkgt. (A54)

Plugging in the expressions for the marginal abatement costs detailed in Definitions 11

and 19, and rewriting, we get

~/ ~/
(Dh - Dyt 2205 = D4 it < (D= Dy Dy = S0 Yot (459
Wy Us
Next, note that A < A implies 15; < D;, for all . Therefore, the previous inequality
implies*3
~/

~
(3205 - 0 ) it < (DA = 2208 ) o, (A56)
u u

N S

which we can rewrite as (recall that ﬁ; < 0 so the inequality flips)

~1 Ty
e D k’N
S S >

- — A57
'y D', ks ( )

43To see this, note that 15; < DA; implies the following inequalities:

L N 4 N AN AN N
(%i Dy — D’S) kNt < (uﬁi Dy — Dg> ky' < <D§V — D)y + ﬁDg - Dg> kyt

a;VA/ -1 N/ ’le N/ -1 2 %VA/ -1
ﬁ'sDN kg™ < DN_@’SDN kg™ < DN_a’SDN kg™

<(D{9—Dg+f);v—
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Using k; = =, we get

o 15/ (7n
ﬁ—g b C,, : (A58)
Proof of backward direction: S > ZJSV gl,/, — 121 > A

In order to derive a contradlctlon suppose that S > U’N g&, — A < A. We start by
establishing the implications of A < A. A < A 1mp11es AN + AS < Ay + flg. Therefore,

A < A if and only if
Cikyt + Cskg' > Cky' + Chkg™. (A59)

Plugging in the expressions for the marginal abatement costs detailed in Definitions 11

and 19, and rewriting, we get

A N B N . N Wy ~ B
(D’ — Dy + iD’ D’S) ky' > (D’S — D+ Dy — a—gD;V) kgt (A60)
Using k; = =, we get
Dy — Dy + - SD’ Dy ! DYy — D+ Dy — %f)’ € (A61)
N N O” - S S i N c
N S S

Next, note that A > A implies D} > D!, for all i. D} > D} for all i and @y > @iy imply

~/
Dy — Dy + ;‘—,SD’S — D, <o. (A62)
N
Moreover, Equations (A61) and (A62) imply
Y Y N/ ﬁka/
5
since C! > 0 for all i.

We therefore know that the inequality flips upon cross-division, yielding

N ~ Wy 1y ~
cy  PDy—Dy+ g2 Ds— Dy

s - - w77 (A64)
Cs ~ Dy — D+ Dy — 32Dy
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Multiplying both sides by and collecting common terms, we have

i ¢ ity (Dy = Diy = D) + s Dy

C// =, ~ A, ~ S (A65)
Ug (DS_ S+DN> — uyDly
So far, we have established that
o w oy ity (D — Dy = DG ) + Dy
A>A = XTI (A66)

ﬂ%cg_w D/_A/_i_D/ _A/f)/'
Us (Vs S N UnL N

Next, we show that - . g,/ > g&, — A< A yields a contradiction. We start by rearranging
N S
@ D/ > g&, to D% > /, gl,/, We then obtain the following contradiction:
i O D/
y C—J,\,[ < A/S
s s Dy

WDy — Wy Dl

WyDly — iy Dl

iy D'y — iy Dl

&/S[)/ UND/ (A67)
iy (Diy = Dy = D) + its D

IA

IA

~1 Y ry/ ry/ Y
s (DS —Dg+ DN) —uyDy
il 1,

< . o
S ¥Ss

where the second and third inequalities follow from D! > D! for all i and the fact that
the denominator and the numerator are negative by Equations (A62) and (A63) **. The last
inequality follows from the implication of A > A documented in Equation (A66)

. . "I C *I C// D/ ~ .
We have reached the contradlctlon N < X=X Hence, =& > J,\,’ — A < Ais
e/ e/ i D/ cy
. D/
incorrect, and we have thus shown that we must have u—— > CJ,V, — A> A

4 Note that the denominator in the third line is negative because it is less than the negative denominator
in the fourth line. This can be seen as follows:

gDy — /DYy < iilg(Dly — Dis+D'y) — @y Dy < 0
——

>0
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Together, the proofs of the forward and backward implications yield the equivalence

~1 Ty "
ug Dy Cy

A> A = 5= N
u’ND§V g

(A68)
0

A.8 Proof of Lemma 2

I first prove foundational lemmas which act as building blocks to prove Lemma 2.

Lemma 3. North’s preferred uniform carbon price is less than the utilitarian uniform carbon
. . . .. D’ 4

price, that is 7V < ¥, if and only if B > %
N S

Proof. We split the proof into the forward and backward implications.
Dy
Dy
I start by establishing the conditions under which ¥ > 7V, or equivalently, C’ > CV'%5,

"
CN

Proof of forward direction: ¥ > 7V = 2
S

>

First note that, for strictly convex abatement cost functions, C’ > cN implies A; > Afv for
all i, and thus A > AN For strictly convex damage functions, this implies 1} > D (note
that marginal damages of abatement are negative) for all 1.

We have C" > C if and only if

Cl+ C Cl+ C

—u' D' — D! > _pDNZS LN A69
which can be rewritten as
iy - : e AN
—%Dg > —DY <1 + ft’NCZ + Dy (A70)

Using D} > D', we have

__D/ > _DN/ 1 SYN Dl
70> =¥ (14 ) + B
. ,a/ C// .
> —Dly (1 + u?—éﬁ) + Dy (AT1)
NYS

. ’[Lsc”
= _D§V (’EL/ C]X) :
NYS

45While this notation is somewhat cumbersome, I use the notation C? for clarity and conciseness as a
short-hand for Cj(A}), and I drop the subscript to reflect that C}(A%) = C’;(A" ;) under uniform carbon
prices.
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Rewriting yields

D/ C//

b, = > cr (A72)
We have thus shown that ¢’ > CV = ID)—/S > %

N S
Proof of backward direction: g—,s > gIX — 7> 7N
N
In order to derive a contradiction, suppose tha gf,\,’ = <7V
S

We start by establishing the implications of ¥ < 7V

, or equivalently, " < C™. First
note that, for strictly convex abatement cost functions, C’ < cN implies A; < Afv for all 4,
and thus A < AN, For strictly convex damage functions, this implies D! < DZN’ (note that
marginal damages of abatement are negative) for all 1.
Next, note that ¢’ < C™ if and only if
Cs+ Cy o O + CR

i D — D < _pNZSTEN A73
( UL N Ug S>1VJ,§VC”—|—USC” — N Cg ) ( )

which can be rewritten as

s py < (1 + Qf, g,,> + Dy (AT4)

UN

Let us temporarily define 6y = DY — D)%, We know that 6y > 0 since D}, < DY

Substitute D’y = D%’ — dn into the previous expression to obtain
/llfsv . . V/ C//
—ﬂ—,Dg < -DY (1 e N + DY — . (A75)
N

Rewriting yields

Dy _ Chk oy iy

- N _ AT6
DYy — Csg  —DY g (ATO)
>0
So far, we have established that
. 3 D/ ol 5 ~/
< OV s lo);/ < - gNZ—N (ATT)
N s TN
>0

46Note that I redefine d; below, keeping the same notation for simplicity.
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CN

Next, we show that g—,ls >y s Or< oM yields a contradiction:
N

" D/ D/ ol ) C”
N S « 28 L ZN _ _ON uN < N

C’g D_§V - b%/ - C’g{ _DN/ uS - C’//a (A?S)
A,_/

>0

where the second inequality follows from D/ < DZN ', and the third inequality follows from
the implication of ¢' < CV documented in Equation (A77).

. . C" C// D/ C// - o .
We have reached the contradiction C—JX < C—’,V, Hence, 57 > & = C' < CN s
N S

incorrect, and we have thus shown that we must have g, g—% — > O,
S
Together, the proofs of the forward and backward dlrections yield the equivalence

>

D/ ol
N S

]

Lemma 4. South’s preferred uniform carbon price is greater than the utilitarian uniform
carbon price, that is 7° > 7, if and only if % > %
N S

Proof. We split the proof into the forward and backward implications.

D/ C//
Proof of forward direction: 7° > ¥ — Di, >
S

I start by establishing the conditions under which 7% > 7, or equivalently, ¢ < cs.
First note that, for strictly convex abatement cost functions, ¢’ < s implies A; < Af for
all i, and thus A < AS. For strictly convex damage functions, this implies D} < D¥' (note
that marginal damages of abatement are negative) for all 1.

We have C" < C¥ if and only if

S o Cé 4+ Cf oo, O+ CY
(=i Dy — uSDg)%CZ n aéf% < -Dy5 N o (A80)
which can be rewritten as
VI S/ C /
Dy <-DJ(1+ = (J” + Dj. (A81)
U
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Using D} < D', we have

~/ ~/ 1"
s ugCy
~/ "
Y/ UNCS y/
<= (1 + 4O DS
sYN
~ 1
- _ (U’NCS)
~/ 1"
ugCy
Rewriting yields
Yy 1"
s _ O
- -
Dy Cy
< o D/ 1"
We have thus shown that ¢! < C% = B> %
N S
. . D c . o
Proof of backward direction: 5= > & = 7 < 75,
N S
. . . D/ 1 . o
In order to derive a contradiction, suppose that 5% > % — 7> 7
N S

(A82)

(A83)

We start by establishing the implications of ¥ > 7°, or equivalently C’ > CY. First

note that, for strictly convex abatement cost functions, €’ > s implies A; > AZS for all 4,

and thus A > AS. For strictly convex damage functions, this implies D} > DY (note that

marginal damages of abatement are negative) for all 1.
Next, note that ¢’ > C¥ if and only if

Cs+ Cy

1" 1
_i’)s/cs +C%
~/ 1 ~/ " —
Wy C§ + usCY

S Ox] )

(—iy Dy — g Ds)

which can be rewritten as

~/ . . ~/ Cl/ .
—?—iVng > —DY (1 + fL,N ,,S> + Dy,
Ug ugCly

Let us temporarily define §g = Dj — D¥. We know that dg > 0 since D

Substitute Dy = Dg’ + dg into the previous expression to obtain

~/ "

UN S, unCy NS
——xD\ > -D¢ (1 + %C]”V) + D'+ 6;.
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(A85)

> DY

(A86)



Simplifying and rearranging yields

ry/ " -/
% > 25y _i;s& | (A87)
N = Uy
) —

So far, we have established that

. . D/ C// 5 a/
C'>0% = > S 58 (A88)
Dgl CN _Dgl Wy
>0
Next, we show that g,% > g—f,\/,’ — (' > (¥ yields a contradiction. We start by
)/ " va //S
rearranging g—,s > % to %,V < % We then obtain the following contradiction:
N S S N
LDy DA CL b G
Cy = Dy DY~ CYy -—Dyuy — Cf (A89)
>0

where the second inequality follows from D > D;g’ , and the third inequality follows from
the implication of ¢ > C¥ documented in Equation (A8S).

. . C// C// D/ C// « o .
We have reached the contradiction or > o Hence, =2 > o = ' > OY s
N N ] Dy s
. D/ C// ~ o
incorrect, and we have thus shown that we must have 5= > &% = (' < c.
N S

Together, the proofs of the forward and backward directions yield the equivalence

) D/ C//
F<t = =2 >
DN CS

(A90)

[]

Lemma 5. North’s preferred um’form carbon price is less than the Negishi-weighted carbon
price, that is 7 < 7, if and only if g—,ls > g—%
N S

Proof. We split the proof into the forward and backward implications.
Proof of forward direction: 7 > 7V — g—,ﬁg >

N ~ °
I start by establishing the conditions under which 7 > 7%, or equivalently, C’ > C?".

"

CN
7R

CS

First note that, for strictly convex abatement cost functions, ¢’ > C implies A; > AN for
all i, and thus A > AN For strictly convex damage functions, this implies D/ > DZN’ (note

that marginal damages of abatement are negative) for all i.
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We have C’ > C™ if and only if

C C//

_DE\/ - D:S‘ > _b C// ) (Agl)

which we can rewrite as (note that D%’ is negative so the sign of the inequality flips)

Cg+Cy _ Dy, D

o A92
Cs DY D¥ (A92)

Let us temporarily define 6y = DY — D). We know that dy < 0 since Dy > DY

Substitute D}, = D%’ — d into the previous expression to obtain

C4+CY DN —dy | Dy

< - — A93
Cg DY DY (A93)
which simplifies to
cy% Dy -6
C—JX < [,)5/ ﬁ;f. (A94)
S N N
We can now establish the following inequalities:
Cy Dy —on Dy D
C—7<o]§/+o$<oil<~f. A0
s DN DN DY Dy (A95)
~——

<0

where the last inequality follows from D}y > DY

~ o D/ C//
We have thus shown that C' > CY — > G
N S
. . D/ lold - .
Proof of backward direction: > = T> N
N S
In order to derive a contradiction, suppose tha gIX = 7< 7V
S

We start by establishing the implications of 7 < 7V, or equivalently, ¢’ < CN'. First
note that, for strictly convex abatement cost functions, ¢’ < cN implies 4; < Afv for all 4,
and thus A < AN, For strictly convex damage functions, this implies D! < va’ (note that
marginal damages of abatement are negative) for all 7.

Next, note that ¢’ < C™ if and only if

C _|_ C//

. D/ D/ < DN/ C” 7

(A96)
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which we can rewrite as (note that D%’ is negative so the sign of the inequality flips)

lo/ el D/ D/

Sg,, N>t (A97)
S Dy Dy

Let us temporarily define 6y = DY — Dl. We know that 6y > 0 since Dy < DY

Substitute Dy = D]]\V,’ — Jn into the previous expression to obtain

Ci+Cy DN —on | Dy

ct T DV DY’ (A%8)
which simplifies to
O_X’ > Dg —On
C¢ — DN DN (A99)
——
>0
So far, we have established that
N B ol [)/ -5
O < OV e C—J,Y > 553/ + lo)]éf. (A100)
S N N
>0
Next, we show that g—,ls > g—&, — (' < C" yields a contradiction.
N S
1" N/ N/ N/ . "
Oy D5 o Ds o D5 v Oy
Cs Dy~ DN T DN DN T Cy (A101)
>0

where the second and third inequalities follow from D/ < DiV’ for all 7, and the last

inequality follows from the implication of ¢’ < CN’ documented in Equation (A100).

. . C// C// D/ C// ~ o .
We have reached the contradiction & < &. Hence, 5% > & — C" < CONig
S S N S
. D/ lold ~ °
incorrect, and we have thus shown that we must have > oy = ' > oM,
S

Together, the proofs of the forward and backward directions yield the equivalence

. ) D/ C//
P> —= 2> 2
Dy, Cg

(A102)

]

Lemma 6. South’s preferred uniform carbon price is greater than the Negishi-weighted carbon
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: . ~ . )) cy
price, that is 7° > 7, if and only if 5 C—J/SY

Proof. We split the proof into the forward and backward implications.

. . - Dy _ ¢y
Proof of forward direction: 7 < 7% = s > 2
S

I start by establishing the conditions under which 7 < 7°, or equivalently, ¢ < cs.
First note that, for strictly convex abatement cost functions, ¢’ < Cs implies A; < Af for
all i, and thus A < AS. For strictly convex damage functions, this implies D} < D' (note
that marginal damages of abatement are negative) for all 1.

We have C" < C¥ if and only if

C _"_ C/l

~Dy — Dy < DY

(A103)

which we can rewrite as (note that Dg’ is negative so the sign of the inequality flips)

ol ol [)/ D/
5;,, N> ot o;.

(A104)

Let us temporarily define s = DY — D}, We know that dg > 0 since Dy < DY.

Substitute Dy = DY — dg into the previous expression to obtain

C4+Cy _ Dy D —ds

> — 5 , A105
Cx DY DY (A105)
which simplifies to
C¢ Dy =6
C—f > D—g f); . (A106)
N S S
We can now establish the following inequalities:
ct Dy  —6s Dy D,
C—§> OJS\;‘F o‘;> 015\,[,> ~]/\7. A107
~—

>0

where the last inequality follows from DY < DS’

D 1!
We have thus shown that ¢ < C*¥ — S > g// .
N
. . D/ C”
Proof of backward direction: f)—,s > Cf,\,’ — F< 7
N
D/ C//
2 CJ,\,’ — 7> 79

S
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We start by establishing the implications of 7 > 79, or equivalently, ¢’ > CS'. First
note that, for strictly convex abatement cost functions, C" > cs implies A; > Af for all 7,

and thus A > AS. For strictly convex damage functions, this implies D! > Df’ (note that
marginal damages of abatement are negative) for all 7.

Next, note that C' > CS" if and only if

~ ~ . Ol/ C//

DYy~ Dy > DTN, (A108)
N

which we can rewrite as (note that Dg’ is negative so the sign of the inequality flips)

" 1" ry/ /
Cs + Cy < Dy Ds. A109
cr Sr St

Let us temporarily define 6 = DY — D, We know that dg < 0 since Dfy > D
Substitute Dy = Dg’ — dg into the previous expression to obtain
o/ D’ bS/ —5
S;,, Mg By = (A110)
N Dg Dg

which simplifies to

Cy _ Dy —dg

Ck ~ Dy DY (Al11)
—~—
<0
So far, we have established that
B . ol D/ —5
C/ZC«S/<:>C_/5;§ Ny (A112)

<0

Next, we show that DDi, > % — ' > yields a contradiction. We start by
~ ~N S
Dy o CR o D _ C4

rearranging ﬁ > C—Z to B, < T We then obtain the following contradiction:

og>D;V>D;V>D;V+—5S>cg
Cx Dy Dy Dy Dy C}
N~

(A113)

<0

where the second and third inequalities follow from D} > Df’ for all 4, and the last
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inequality follows from the implication of ¢’ > C'' documented in Equation (A112).

. . C// C// D C// ~ o .
We have reached the contradiction &7 > 7. Hence, 2% > & — C' > C¥ is
N N N S

. D/ C// ~ o
incorrect, and we have thus shown that we must have > o = C" < O,
N S

Together, the proofs of the forward and backward directions yield the equivalence

-~ ) D/ o
Y= 2 >O—J,\f.

(A114)

[
Using Lemmas 3-6, we can now prove Lemma 2, which is restated below.

Lemma 2. The utilitarian uniform carbon price (7) and the Negishi-weighted carbon price
(7) are in between North’s (7IV) and South’s (+°) preferred uniform carbon prices, unless

they all coincide.

Proof. Let us begin by showing that the utilitarian uniform carbon price lies between North’s

and South’s preferred uniform carbon prices, unless they coincide. Lemma 3 and 4 imply that

75 > 7 > #¥ if and only if ]?,g’ > % From Proposition 1, we know that the optimal uniform
N

5, >
carbon price does not depend on the welfare weights if and only if g:s = C—E,G, Therefore,
~ N S
79 = 7 = #V if and only if g—,s = g’,\,’ This suffices to know that 7° < 7 < #V if and only if
~ N S
% < %, as this is the only remaining possibility for each inequality.
N S

Analogously, we can show that the Negishi-weighted uniform carbon price lies between

North’s and South’s preferred uniform carbon prices, unless they coincide. Lemma 5 and

S Ox
S

6 imply that 7° > 7 > 7V if and only if [ff)’_:s > From Proposition 1, we know that
R N
79 = 7 = #V if and only if % = % This is again sufficient to know that 7° < 7 < 7V if
N S
x
C_/SH

b/
S
=~ <
N

5 as this is the only remaining possibility for each inequality. ]

and only if

A.9 Proof of Proposition 4

Proof. We split the proof into the forward and backward implications.

Proof of forward direction: 7° > 7V =— 7 > 7.

South’s preferred uniform carbon price is greater than North’s preferred uniform carbon
price if and only if
Cs+Cy

Cs+ Oy
cé

—D¥ i > —DY (A115)
N
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Simplifying and rearranging yields

S/ "
Dy _ Gk
= I/
DY Cg

(A116)

From Lemma 2, we know that the utilitarian uniform carbon price lies between the two
preferred uniform carbon prices. For strictly convex abatement cost functions, we know that
if South’s preferred uniform carbon price is greater than North’s preferred uniform carbon
price, then AS > AN for all 4, and thus AS > AN. For strictly convex damage functions,

and recalling that marginal damages of abatement are negative, this implies

DY > D> DN Vi (A117)

We thus have

D/ bS/ o
=5 > 2> 20 (A118)

We have thus shown that

N = 7> 7 (A119)

Proof of backward direction: ¥ > 7 = 7° > #V.

Proposition 2 establishes that 7 > 7 if and only if % > g—;,‘l,’ From Lemma 2, we know
~ N S
that g—,s > gf,Y implies 7% > 7 > V. Therefore,
N S
F>F = 79>V (A120)

Together, the proofs of the forward and backward directions yield the equivalence
F>F o= 75>V (A121)

]

A.10 Calculation of welfare-equivalent consumption changes

The aim is to calculate the consumption changes in the initial period (2005), AX;y (where
t = 0 corresponds to the year 2005), that would yield a welfare change (in utility terms)
that is equivalent to the intertemporal welfare difference between each of the utilitarian
solutions and the Negishi solution. I start by computing the net present value (NPV) of the

utilitarian welfare changes across two solutions for each region (the numerator in Equation
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(A122)) 47, and divide that by the population size in 2005 to obtain the required per capita
welfare change in 2005. I then set the NPV of the per-capita welfare change equal to a

counterfactual per-capita welfare change in the initial period:
Do L u(ay™) — Do Litﬁtu@geg)

Lio
where (' is the utility discount factor (5* = (1 + p)~*, where p is the utility discount

rate), and the superscripts on z;; indicate whether this is the per-capita consumption of one

= u(g) —u(ry®), (A122)

of the two utilitarian solutions (Util), the Negishi solution (Neg), or a counterfactual (cf)

consumption which we compute. The remaining notation is the same as in the main text.

it

Using the isoelastic specification of the utility function in the RICE model, u(x;) = xl_n

(where 7 is the elasticity of the marginal utility of consumption), we can solve for the

counterfactual per-capita consumption in the initial period:

Ly Btu(2Ut) — L3t Neg =
i = |0 - g e n ) = 2 Ll >+<xm>1—ﬂ] . (A123)

Finally, the aggregate welfare-equivalent consumption change is calculated as

AXio = Li (xfg — xf\ofeg) . (A124)

47T use this approach, rather than calculating the NPV by discounting the consumption changes with
fixed discount rates, to account for the fact that the social discount rates (SDR) are different across regions
and change over time due to different economic growth rates. To see this, note that the SDR is approximated
by the Ramsey Rule, SDR =~ p + ng, where g is the growth rate in per-capita consumption, which differs
across regions and over time.
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Appendix B: Additional Figures

R s (BT GO
e o =~

Figure Al: Regions of the RICE model. Countries of the same color belong to the
same region, which is labeled at the largest country (OHI = Other High Income countries,
OthAs = Other Asia).
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Figure A2: Regional baseline carbon intensities (a) and backstop technology
prices (b) in the RICE model. The carbon intensity is given by the industrial COq
emissions per economic output. The backstop technology price corresponds to the marginal
abatement cost at which all emissions are abated.
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Climate damages (% of GDP)
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Figure A3: Regional damage functions for atmospheric temperature changes in
the RICE model. Temperature changes are relative to temperatures in 1900.
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Figure A4: Regional consumption changes between the Negishi solution and the
utilitarian solutions. Positive values indicate a higher consumption level in the utilitarian
solutions. Note that these are the results for the utility discount rate of 1.5%.
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Figure A5: Consumption per capita trajectories for Africa and the US. Note that
these are the results for the utility discount rate of 1.5%.
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Appendix C: Supplementary Information

C.1 Time-variant Negishi weights

The time-variant Negishi welfare weights are given by

Qi = o (A125)
where v; is the wealth-based component of the social discount factor. In the RICE-2010
model (Nordhaus, 2010), it is defined as the capital-weighted average of the regional wealth-

based discount factors:

ul

U
E : “i0 Kt
o U
=Y YUS,t Zjej K
U

u ul.
vy = VS (A126)
uUS’O uUS,t

!
Z‘ it Kit
1€ | upgo 2 er Kt
o

where K;; is the capital stock.

Note that —~—v, equalizes the weighted marginal utility across regions. To obtain equal-

u (z4¢)
ized weighted marginal utilities in each period, the discount factor needs to be equal across
regions. Thus, v; is not region-specific and it pins down the wealth-based component of the

world discount factor (Nordhaus and Boyer, 2000).

C.2 Modeling of international transfers

Three different transfer scenarios are considered: (1) no transfers, which is standard in most
IAMs, (2) non-conditional transfers (e.g., for loss and damage), and (3) conditional transfers
for mitigation (“abatement abroad”). Transfer scenarios (2) and (3) reflect the types of
transfers that are discussed in international climate change negotiations.

Interregional transfers were implemented from 2015 until the end of the model horizon
(2595) 8. The transfer quantities were defined as exogenous baseline transfers in 2025, which
increase over time with the GDP of donor regions. In the main scenarios, I set the baseline
transfer in 2025 to $100 billion per year, which developed countries agreed to provide through
2025 (UNFCCC, 2015). In addition, I consider baseline transfers of $1 trillion and $10 trillion

48Note that the total interregional transfers are set to 0 and $37 billion in the (historic) first two model
periods (2005 and 2015). The $37 billion figure is the annual average climate finance from OECD to non-
OECD countries in 2015 and 2016 according to Oliver et al. (2018) (converted to 2005 USD, since the RICE
model is in 2005 USD).
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per year for the case of the non-conditional transfer to evaluate whether noticeable effects
occur at larger transfer quantities (since the $100 billion transfer did not markedly affect
optimal climate policy trajectories)®.

More specifically, the total transfer quantity, 7/, increases from its baseline value in
2025, Tiet. 50 in proportion to the GDP increase in the richest four regions (US, EU, Japan,
and Other High Income Countries), which are the donor regions (denoted by D). The total

interregional transfer in period t is thus

net
Ttot Ttot Z]GD th
t

= e (A127)
202 Z]eD Yﬂot25

where Y7¢ is the net output of a region after accounting for damages but before sub-
tracting abatement costs.

The total redistribution quantity is levied in the donor regions in proportion to their
regional net output in the previous model period. Thus, a region’s contribution to the total

interregional transfer is
net

Ty = —Tlot "D Y VieD (A128)
Z > Ynet ) 5 )
je

where T is the total transfer quantity, and Y;?et is the net output of a region after
accounting for damages but before subtracting abatement costs.

The total transfer quantity is redistributed to the remaining eight regions. In the case of
non-conditional transfers, it is redistributed in proportion to the population size, L;, of the

recipient regions:
Ly

ngp Lit’

In the case of the condition transfer, the total transfer is allocated optimally by choosing

Ty = T} Vi ¢ D. (A129)

the redistribution shares, s;;, that maximize the utilitarian SWF:
Ty = s T}, Vig¢D. (A130)

Under the non-conditional transfer, the region-specific transfer is then added to a region’s net
output to attain the post-transfer net output. Under the conditional transfer, the transfer

quantity of the recipient regions is allocated toward their abatement costs.

49Tt should be noted, however, that the transfers of $1 and $10 trillion per year may be well outside the
realm of what is politically realistic, at least in the near term — for comparison, the total nominal GDP of
OECD countries was about $60 trillion in 2018 (OECD, 2019). These large transfer scenarios were thus only
included to assess whether such large transfers would substantially alter the optimal climate policy path,
not because they are considered realistic.

50For clarity, I use the calendar year as a subscript here, which corresponds to ¢t = 20 in the model.
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C.3 The role of non-conditional transfers

The optimal temperature trajectories in the presence of interregional non-conditional trans-
fers are shown in Figure A6. I find that non-conditional interregional transfers play a minor
role and have virtually no effect on the optimal climate policy up to a total transfer quantity
of at least $1 trillion per year. Thus, an important conclusion is that politically realistic
levels of redistribution do not considerably alter the stringency of optimal climate policy.
In particular, the optimal policy path under the redistribution quantity of $100 billion per
year consistent with the Paris Agreement is practically identical to the optimal policy paths
without any interregional transfers. It is also worth noting that realistic redistribution quan-
tities do not bring the optimal cumulative emissions back up to the optimal level under the
Negishi solution. Hence, the increased optimal mitigation effort under the utilitarian ap-
proaches is not obviated in the presence of transfer policies. Indeed, it is ambiguous whether
the stringency of optimal climate policy increases or decreases in the presence of interregional

transfers.

Differentiated carbon price Uniform carbon price
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Atmospheric temperature change (°

2000 2050 2100 2150 2200 2000 2050 2100 2150 2200
Year Year

Figure A6: Optimal atmospheric temperature trajectories conditional on the
optimization problem, the total non-conditional interregional transfer, and the
utility discount rate. The Negishi-weighted solutions (red) are compared to the utilitarian
solutions with (b) and without (a) the additional constraint of equalized regional carbon
prices under a variable interregional transfer for the Nordhaus (solid lines) and Stern (dashed
lines) utility discount rates (Nordhaus, 2011; Stern et al., 2006). Temperature changes are
relative to 1900.

While politically realistic non-conditional transfers do not have a large quantitative effect
on the optimal climate policy, it is still interesting to note the direction of the effect. If the
constraint of a uniform carbon price is imposed, transfers from rich to poor regions result
in an increased mitigation effort under both high and low utility discount rates. At least

part of the intuition for this result is that the utilitarian solution is particularly sensitive to
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consumption changes of the poor due to the diminishing marginal utility of consumption.
The optimal carbon price balances the discounted marginal welfare costs and benefits of
mitigation. The welfare costs of mitigation are particularly high in poor regions, so a uniform
carbon price needs to be kept quite low in order to prevent large welfare reductions in those
regions. By making poor regions richer, redistribution makes it possible to increase the
uniform carbon price at a lower welfare cost. To put it simply, poor regions can afford a
higher uniform carbon price after they have received transfers. The effect of redistribution
under differentiated carbon prices is ambiguous. Under the lower utility discount rate, the
carbon prices in rich regions reach the corresponding backstop prices (implying complete
abatement) early in the 21st century, even under the highest redistribution scenario. Once
this is the case, the transfer increases the abatement effort in poor regions without decreasing
the abatement effort in rich regions, resulting in an increased overall abatement level. In
contrast, under the higher utility discount rate, which places relatively more weight on the
present, the backstop price is reached much later in rich regions. In this case, the decreased
mitigation in rich donor regions outweighs the increased mitigation in poor recipient regions,

thus decreasing the overall abatement level.

C.4 Discussion of the differentiated carbon price optimum

The welfare maximizing policy that allows for differentiated carbon prices requires much
higher carbon prices in rich regions than in poor regions (see Figure 4 and Table 2). This
result warrants a discussion of several issues. First, the differentiated carbon price optimum
may be opposed by rich nations as it results in an implicit transfer from rich to poor regions.
It should be noted, however, that the uniform carbon price optimum is welfare inferior to the
differentiated carbon price optimum, as it imposes an additional constraint (Budolfson and
Dennig, 2019). Importantly, the differentiated carbon price optimum is also in accordance
with the principle of “common but differentiated responsibilities and respective capabilities”
of the United Nations Framework Convention on Climate Change (UNFCCC, 1992). As
such, Budolfson and Dennig (2019) argue that the differentiated carbon price optimum is a
natural focal point for international climate policy and for evaluating the adequacy of the
nationally determined contributions (NDCs), which are at the heart of the Paris Agreement.
A more recent study by Budolfson et al. (2021) provides this comparison of the NDCs
to implied carbon budgets under the differentiated carbon price optimum. Second, since
differentiated carbon prices are not cost-effective, it should be reemphasized that a further
welfare improvement over the differentiated price optimum could be achieved by establishing

an international emission trading scheme. This would allow regions with higher carbon prices
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to buy emission permits from poorer regions where the carbon price is lower, implying a
transfer from the rich to the poor. Due to the differential carbon prices, mutual gains can
be achieved by such a trading scheme (Budolfson and Dennig, 2019). If the permit market
is fully competitive, this would result in a globally harmonized carbon price. However, as
Budolfson and Dennig (2019) point out, this outcome would be different from the uniform
carbon price optimum discussed above, where an a priori constraint of equalized carbon
prices was imposed; total emissions will be reduced and the poorest countries will bear a
lower burden under the harmonized carbon price attained by the emission trading scheme.
Chichilnisky and Heal (1994) thus propose that the efficient allocation of emission permits
is established by the differentiated carbon price optimum, and once the optimal allocation
of permits is found, these permits are then traded internationally to achieve further welfare
gains. The emission budgets shown in Figure 4 can thus be understood as providing the first
step of this process. Third, a potential problem with differentiated carbon prices is carbon
leakage — an increase in carbon emissions in a country with comparatively laxer climate
policies as a result of stricter climate policies in another country (e.g., due to a relocation of
carbon-intensive industries to countries with laxer climate policies). The problem of carbon
leakage, if it is not addressed, may thus undermine the policy. Budolfson et al. (2021)
provide a brief discussion of the issue of carbon leakage and how it may be addressed. They
note that there are two channels for carbon leakage: (1) competitiveness differences resulting
from carbon price differences, and (2) lower fossil fuel prices due to decreased global demand.
Budolfson et al. (2021) argue that the competitiveness channel can be addressed with border
tax adjustments, such as those proposed by Flannery et al. (2018). The second channel is
shut down if countries commit to a global emissions cap (Budolfson et al., 2021). Of course,

there is also no carbon leakage if each region commits to its own regional carbon budget.
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