nature
climate change

ARTICLES

https://doi.org/10.1038/s41558-021-01130-6

‘ '.) Check for updates

Utilitarian benchmarks for emissions and pledges
promote equity, climate and development

Mark B. Budolfson ®'2™, David Anthoff ®3, Francis Dennig®?2#, Frank Errickson?>, Kevin Kuruc®¢,
Dean Spears ©2789™ and Navroz K. Dubash®1°

Tools are needed to benchmark carbon emissions and pledges against criteria of equity and fairness. However, standard eco-
nomic approaches, which use a transparent optimization framework, ignore equity. Models that do include equity benchmarks
exist, but often use opaque methodologies. Here we propose a utilitarian benchmark computed in a transparent optimization
framework, which could usefully inform the equity benchmark debate. Implementing the utilitarian benchmark, which we see as
ethically minimal and conceptually parsimonious, in two leading climate-economy models allows for calculation of the optimal
allocation of future emissions. We compare this optimum with historical emissions and initial nationally determined contribu-
tions. Compared with cost minimization, utilitarian optimization features better outcomes for human development, equity and
the climate. Peak temperature is lower under utilitarianism because it reduces the human development cost of global mitiga-

tion. Utilitarianism therefore is a promising inclusion to a set of benchmarks for future explorations of climate equity.

hat tools should be used to benchmark and evaluate actual

and pledged carbon emissions against criteria of equity

and fairness'~*? In the 2015 Paris Agreement, each coun-
try agreed to each prepare and communicate nationally determined
contributions (NDCs) to be achieved through domestic mitigation
efforts, and to subsequently update these pledges over a five-year
cycle’. While there is growing consensus that global emissions reduc-
tions and countries’ initial pledges are inadequate®, there is far less
consensus about which countries should enhance their mitigation
efforts and by how much. In large part, this is because there is con-
siderable disagreement about the benchmarks by which each coun-
try’s pledge should be judged to be consistent with fairness and equity.
Indeed, the Intergovernmental Panel on Climate Change (IPCC) sum-
marized the breadth of equity frameworks for allocating emissions,
illustrating the disparities in approach’. In response, a series of recent
analyses apply these frameworks to the task of benchmarking national
emissions and pledges. The result is a wide range of possible equity
benchmarks, which lead to a diverse set of conclusions: that particu-
lar national emissions (actual or pledged) are equitable according to
some benchmarks and inequitable according to others”" (https://
climateactiontracker.org/). Over two decades of negotiations, national
governments failed to agree on a top-down allocation of emissions in
part because of disagreements over equity, so it is no surprise that such
disagreements persist in alternative equity benchmarks. One response
to disagreement over equity has been to produce new benchmarks by
averaging widely disparate results across conceptually distinct alter-
native criteria, at the cost of transparency and clarity'. In such cases,
readers can reasonably wonder whether the results reflect a coher-
ent, defensible approach to equity, or merely a mechanical attempt at
compromise'’, because the average is shaped by the portfolio of equity
approaches chosen, and especially by the extremes.

Our approach is different. We add to equity debates a single
benchmark derived from the simple ethical theory of utilitarian-
ism'*". Although utilitarianism has been criticized by both ethi-
cists and economists'®'>'**?, we suggest that using utilitarianism
yields insights in equity benchmark debates because it is ethically
minimal and conceptually parsimonious. Utilitarianism is ethically
minimal because it requires agreeing only that each person’s inter-
ests count equally, that policy should promote wellbeing and that a
unit of foregone consumption harms the poor more than the rich.
In the context of climate debates, this is minimal, in part, because
it does not seek to account for the past and perhaps other factors
relevant to justice, which, for many, is an important component of
climate equity'®'>'*%. It is also conceptually parsimonious because,
unlike other benchmarks, it is well understood in the ethics litera-
ture and therefore a transparent benchmark and does not require
interpretation or the construction of composite and therefore
difficult-to-understand indices™*".

In addition, our purpose here is to contrast utilitarianism with
the standard approach based on monetary cost: as Adler” sum-
marizes, “cost-benefit analysis is now the dominant policy-analysis
methodology in governmental practice” In moving beyond a focus
on monetary cost, we demonstrate the simplest way in which a cli-
mate—economy model can use a social welfare approach that pro-
motes wellbeing while weighing each person’s interests equally.
Future research could apply our methods to further, more complex
benchmarks for social welfare, some of which may be even more
ethically compelling for some purposes®. As we show below, even
the ethically minimal benchmark of utilitarianism yields very differ-
ent results to cost-minimization approaches, illustrating the value of
explicit attention to equity benchmarks. We implement a utilitar-
ian benchmark by making a simple, transparent modification to an
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Fig. 1| Evaluating NDCs with the utilitarian benchmark. Regional shares of CO, emissions and resulting evaluation of actual (2019) and pledged (NDC)
emissions are plotted under two policies: a cost-minimization optimum with uniform global carbon prices (cost minimization) and the optimal utilitarian
regime with carbon prices that can vary between regions (utilitarianism). a-i, Comparisons of actual and pledged emissions for selected regions with
utilitarian benchmarks (a-e), future global CO, emissions with regional decomposition (f-h) and regional shares of all future global CO, emissions (g-i)
for these two policies. Actual emissions are from Global Carbon Atlas of the Global Carbon Project?®. NDCs are from du Pont et al.* and the accompanying

external data visualization tool*’, where bars represent high versus low NDCs.

existing, high-profile climate-economy model. We use the model to
calculate the distribution of mitigation costs and climate damages
between nations that maximizes overall global human development
(which we summarize as ‘wellbeing’), weighing the interests of all
persons equally, but taking into account that a dollar sacrificed by
the poor subtracts more wellbeing than a dollar sacrificed by the
rich. In particular, the model calculates an allocation to different
regions of future emissions that would be optimal according to a
utilitarian objective. Where we refer to the ‘utilitarian-optimal
benchmarks or allocation below;, we mean the time path of emis-
sions for each world region that maximizes this utilitarian objective.
Because this objective could be maximized by any optimizing cli-
mate—economy model, our approach is independent of the particu-
lar models in which we choose to implement it, as we demonstrate
by implementing our approach in two different models from the
literature’>”” and finding qualitatively complementary (although,
of course, quantitatively distinct) results. In short, we offer such a
utilitarian-optimal allocation of emission shares as an alternative
tool to benchmark national emissions and pledges that offers prom-
ising advantages for future equity discussions and research.

Our method produces benchmark paths for emissions shares
over time. In our main result, we compare these paths with actual
emissions in 2019 (ref. *). We also compare the benchmark paths
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with pledges, here operationalized as initial NDCs”. As the Paris
Agreement states, each country’s plan should take into account its
“common but differentiated responsibilities and respective capabili-
ties, in light of different national circumstances,” so that outcomes
are equitable®’. Our approach and results offer an informative alter-
native methodology that can join the ongoing debate on assessing
the equity of emissions shares and pledges.

Utilitarianism among other climate equity benchmarks

Our use of utilitarianism as a benchmark identifies a transparent,
simple to model, alternative specification of climate equity. We rec-
ognize that utilitarianism will strike many readers as inadequate
as a full analysis of equity, and perhaps rightly so. Utilitarianism,
like any forward-looking approach, does not explicitly internalize
responsibility for past emissions as a basis for future actions. Yet,
it does implicitly take historical responsibility partly into account
to the extent that the past shapes current capacities. This happens
because historical responsibility for emissions is correlated with
present-day capacity to mitigate (Extended Data Fig. 1)*. Similarly,
our approach also does not entail any ‘latent grandfathering’ of his-
torically high emissions: because utilitarianism is forward looking,
past emissions per se do not restrict the model’s search for the allo-
cation that will maximize future wellbeing. We do not defend the
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Fig. 2 | Human development and equity advantages of the utilitarian policy. a,b, Percent change in per capita consumption over time versus a BAU
scenario in which there is no carbon price into the future for the cost-minimization policy (a) versus the optimal utilitarian policy (b). ¢,d, Percent
reduction in CO, versus BAU (decarbonization rate) under the cost-minimization policy (€) versus the optimal utilitarian policy (d).

utilitarian benchmark as uniquely correct. Rather, we suggest the
application of utilitarianism yields insight precisely because the key
normative assumptions of utilitarianism applied to climate equity
are difficult to reject, and therefore might reasonably be considered
ethically minimal. These assumptions are that the consequences
of climate policy for human development matter; that each person
should be weighted equally in a normative evaluation of equity; and
that more human development is lost when a dollar of consumption
is foregone by a poorer person than a richer person.

All candidate benchmarks for equity have limitations, includ-
ing utilitarianism. Despite the limitation detailed above (namely, a
forward-looking perspective) utilitarianism can be an informative,
transparent focal point for discussion among parties who disagree
about which substantive principle of equity should guide climate
policy*#-202>2-3* As we detail in Supplementary Table 1 and Extended
Data Fig. 1, the utilitarian benchmark captures a core value of each
of the IPCC equity categories', while avoiding the implications that
result from other benchmarking principles that rely on one category
alone as a full analysis of equity. In addition, by using optimization
tools common in climate economics, the calculations behind the
utilitarian benchmark are easy to summarize for policy audiences
and can be straightforwardly performed in any multi-region climate
optimization model with very minor modifications.

The utilitarian benchmark contrasts with past solutions of inte-
grated assessment models (IAMs) that recommend a uniform car-
bon price. Two typical IAM experiments that lead to uniform carbon
price policies are cost-effectiveness analysis and standard cost-ben-
efit analyses that do not consider equity. Cost-effective solutions
are found by minimizing total global abatement cost subject to a
cumulative emissions constraint®~". A standard cost-benefit analy-
sis calculates the optimal emissions trajectory that maximizes net
benefits (benefits of mitigation minus the cost of reducing emis-
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sions) while ignoring equity. Such cost-benefit solutions are also
cost-effective, that is, they achieve their emission reduction goal
in a cost-minimizing way’>*>****!. Both IAM solutions lead to a
uniform carbon price, but neither considers equity. To compute
our cost-minimization benchmark transparently, we use a third
approach: we optimize a utilitarian social welfare function, while
imposing a constraint at each timestep that the carbon price must
be equal across regions. This constraint implies that at each point
in time, the emission reductions achieved are realized at minimum
cost. Note that this approach is not dynamically cost minimiz-
ing, because intertemporal allocation decisions are not driven by
an interest rate. We use this as our base case benchmark because it
amounts to the minimal change from the utilitarian benchmark that
leads to a uniform carbon price®.

Using cost minimization as a benchmark for equity ignores
global inequality. Cost-minimization solutions equate the marginal
dollar cost of abatement across nations, thereby ignoring the fact
that a dollar of foregone consumption due to mitigation cost sacri-
ficed by a poor person subtracts more wellbeing than a dollar sac-
rificed by the rich. The utilitarian objective we use instead equates
the marginal wellbeing costs of abatement by assigning different
carbon prices to different nations. Therefore, we propose a utilitar-
ian benchmark with different regional prices as an alternative that
succeeds in including minimal standards for equity and common
but differentiated responsibilities, instead of setting aside equity via
uniform carbon price modelling.

Theoretical economics supports our utilitarian approach, in
which carbon prices differ across regions*. Chichilnisky and Heal'®
prove that, in light of global inequality, there are many policies
that are Pareto optimal and have different regional carbon prices.
Sandmo* shows that in a standard optimal taxation framework one
should differentiate taxes on environmental externalities if there are
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Fig. 3 | Gains from adopting the utilitarian versus the cost-minimization optimal policy. The top row compares the utilitarian policy and cost minimization.
a, The distribution of gains (or losses) for all persons on the planet through 2200 (that is, a density function of welfare gains for each person-year lived).
The y units indicate the relative number of people with some level of consumption gains; a y value of 1, for example, means there are twice as many

people with those gains than another point with a y value of 0.5. b, A sample year (2120) demonstrates cross-sectionally of which regions are the largest
beneficiaries (selecting other years reveals a similar correlation between gains and per capita consumption). The bottom row shows the analogous plots
(welfare gains for each person-year lived, ¢; regional gains, d) for utilitarianism versus a BAU scenario in which there is no carbon price into the future.

economic inequalities. Recent work has implemented this insight in
theoretical®” and computational models'”*. Our method is novel in
two ways. First, unlike other approaches to equity that are meaning-
ful only in specific models, our method can be simply and trans-
parently implemented in any leading multi-region optimization
model. We demonstrate this by applying it to two standard mod-
els, the Regional Integrated Climate-Economy (RICE) model and
Climate Framework for Uncertainty, Negotiation, and Distribution
(FUND) model. Second, our method does not consider the possi-
bility of large redistributive transfers that would be motivated by a
more general concern for equity”*”*; instead, it reflects a simple,
transparent standard for equity in the limited context of national
emissions. In principle, a cost-minimization approach could be part
of a policy package that would be superior, according to utilitarian-
ism, to even our utilitarian-optimal benchmark; however, because
this would involve very large international redistributive transfers,

830

our model ignores this theoretical possibility as a matter of realism,
as transfers of anything near this magnitude are not under discus-
sion as part of any climate-policy package.

We implement both utilitarianism and the cost-minimization
optimum in the widely used RICE model developed by William
Nordhaus. Yet, the principles behind our normative arguments
apply against all uniform carbon price benchmarks versus our utili-
tarian benchmark. Although limitations of the RICE model have
been documented in the literature, RICE is widely studied and
therefore suitable for such an illustration.

Our use of the RICE model assumes the same relationship
between wellbeing and dollars of consumption that is assumed
by Nordhaus: the parameter that controls the marginal utility of
consumption is set to 1.5 (that is, a dollar forgone by a rich per-
son is equivalent to 2.8 dollars lost by a person who is half as rich;
see equation (1) in the Supplementary Information). We use a

NATURE CLIMATE CHANGE | VOL 11| OCTOBER 2021 | 827-833 | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE

ARTICLES

254

N
/
/

(6]
I
~N

Increase from pre-industrial (°C)
N

Utilitarianism == == = Cost minimization

T T T
2100 2150 2200

Year

T
2050

Fig. 4 | Climate advantages of the utilitarian policy. Comparison of
global average temperature increase in each year over pre-industrial
levels in RICE. The solid line reflects the optimal temperature path under
the utilitarian policy; the dashed line plots the optimal path under the
cost-minimization optimum.

lower rate of discounting the future (0.8% annually), which we
choose to deliver a peak temperature of 2°C above pre-industrial
levels. The 2°C assumption does not drive our results, nor does
our choice to use the RICE model. Sensitivity studies in the
Supplementary Information show that alternative discount rates
or use of an alternative IAM (FUND) may have an effect on the
timing of reductions in the utilitarian outcome, but neither sub-
stantively changes the relative reductions across regions which are
our focus (Supplementary Tables 2-5, Extended Data Fig. 2 and
Supplementary Fig. 1). For example, one of our sensitivity checks
is to set the marginal utility of consumption equal to 1 and time
preference equal to 1.5% (a common alternative in the literature);
we show that this results in emissions shares comparable with our
main results (Supplementary Table 3).

Utilitarian benchmark for national emissions and pledges
We compare a scenario that optimizes emission reductions using a
single global carbon price (which implies cost minimization) with
our utilitarian approach that optimizes by allowing carbon prices
(and hence sacrifices) to vary between regions in the way that is
utilitarian-optimal. Emissions shares and totals and evaluated
actual and pledged (NDC) emissions under these two approaches
are plotted in Fig. 1.

The optimal allocations of (industrial) CO, emissions in the
United States and the European Union (EU) are much lower under
the utilitarian optimum (with variable regional prices), and thus
these regions” current NDCs are evaluated to be far from adequate
by the utilitarian approach (Fig. 1a,b). In particular, although every
region’s actual and pledged emissions are above the utilitarian
benchmark, and collectively are far above the limits required to keep
global warming below 2°C above pre-industrial levels, the emis-
sions of the United States and EU are particularly far above. This
conclusion contrasts with estimates and studies which indicate that
the NDCs of developed regions such as the EU and United States
are normatively adequate and equitable and that the NDCs of India
and African nations are less adequate'®. These results highlight that
a cost-minimization framework produces large, policy-relevant
differences in emission shares relative to the utilitarian approach,
which is problematic because cost minimization ignores equity,
as Kartha et al."” have emphasized.

The allocations of CO, emissions within time periods and over
the entire future are contrasted in Fig. 1f-i. A comparison of the dis-
tributions in Fig. 1g and 1i shows that the future emissions shares of
high-income regions are nearly eliminated, with the difference allo-
cated to developing regions such as Africa, India and low-income
Asia. Comparing Fig. 1f and 1h shows that it is not merely the stock
of future emissions that differs, but also the timing: under the utili-
tarian optimum, for example, Africa could continue to produce sub-
stantial emissions into the twenty-second century.

Our core qualitative findings, that utilitarianism permits poorer
regions more space to develop and that there are climate benefits
to the distribution of emissions recommended by utilitarianism,
are robust to a variety of parametric and structural modifications
to the model. Supplementary Tables 2 and 3 include alternative
assumptions about time preference and inequality aversion, respec-
tively. Supplementary Table 4 includes modifications to: the climate
damage function (column 2), a ‘cost-of-adjustment’ penalty to slow
optimal reductions in emissions (column 3) and alternative but
commonly used parameter combinations (columns 4 and 5). We
perform a multi-model comparison by replacing the underlying
IAM entirely, from RICE to FUND***" (presented in Extended Data
Fig. 2). To be sure, these modifications yield quantitatively distinct
results, but the broad consequences of utilitarianism rather than cost
minimization for equity, temperature and development remain. In
other words, whether overall decarbonization should be slower or
faster or just as RICE or FUND recommends, the same relationship
between the recommendations of utilitarianism and cost minimiza-
tion emerges. Such robustness illustrates that a utilitarian objective
is a simple, transparent alternative approach to equity that could be
incorporated into many existing models.

Advantages for equity, climate and development

An important concern is that adequate mitigation policy may pre-
vent currently developing countries from having the emissions bud-
get needed for human development®-**. We respond to this concern
by comparing human development (using consumption as a proxy)
in the three poorest regions of the world over the next half century
under the cost-minimization and utilitarian approaches (Fig. 2a,b).

Development is slowed under the cost-minimization approach:
the three poorest regions in the world are worse off relative to a
scenario in which it is assumed that there is no near-term carbon
price (business as usual; BAU). In contrast, all three of these regions
experience development beyond BAU under the utilitarian bench-
mark. So, Fig. 2b shows that the poorest regions are net beneficiaries
of optimal utilitarian policy, whereas Fig. 2a shows that they suffer
decades of net losses under cost minimization. Fig. 2¢,d shows the
rate at which regions of the world decarbonize their economies over
this time frame under the two policies, which drives these differ-
ences in human development.

These differences in near- and intermediate-term development
translate into important consequences for the poorest people in
the longer run, as Fig. 3 shows. Utilitarianism shifts much of the
mitigation burden from poorer to richer regions, allowing emerging
economies more headroom for development.

A utilitarian optimum, rather than a cost-minimization opti-
mum, would also have important advantages for the climate, as Fig. 4
shows: utilitarianism recommends faster emissions reductions glob-
ally. Faster global decarbonization is justifiable under a utilitarian
optimum that allocates the reductions to richer nations and tempo-
rarily spares the poorer nations. In contrast, the cost-minimization
allocation is constrained by design to place the same-magnitude
carbon price everywhere in the world, and therefore has costs that
are welfare-inferior at the same level of global mitigation.

Relative to the cost-minimization approach, the optimal utili-
tarian approach would lower peak temperature while also allowing
more room for developing country emissions into the twenty-second
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century. Because cost minimization forces all regions to have the
same carbon price, which raises the human development cost of
mitigation, it yields a larger peak temperature. So, utilitarian bench-
marks have important climate, equity and development advantages.

Some readers may find the rapid decarbonization of richer
countries to be an unrealistic aspect of the utilitarian benchmark,
implemented by the RICE model. Here we emphasize that the
utilitarian benchmark is an optimal allocation, but need not be the
actual optimal outcome which occurs. In other words, the utilitar-
ian benchmark could be interpreted as a baseline for the allocation
of emission shares (for example, via permits for emissions), from
which international emissions trading could provide further gains
to wellbeing while allowing rich high-emitting nations the ability
to ratchet down emissions along the most technologically and eco-
nomically realistic pathway. The opportunity for further gains from
trading arises because in any situation with different regional prices
the same emissions level can be achieved in a Pareto-improving way
by allowing a region with a higher price to pay a region with a lower
price for a share in the latter’s emission share (that is, an emissions
trading scheme that would allocate initial permits according to the
utilitarian benchmark). Thus, the small allocation of emissions rights
to rich nations in the utilitarian approach need not imply that rich
nations will not be allowed to emit beyond those levels, but merely
that utilitarian-benchmarked equity requires that they should pay
poorer nations for that privilege. In practice, whether policymakers
adopt such a trading scheme depends on how the utilitarian bench-
mark and others are used in equity debates and politics.

A final observation is that our utilitarian approach takes seriously
the fact that rich countries are not making large economic transfers
to poor countries. In principle, any cost-minimization approach to
benchmark national emissions and pledges could be interpreted to
implicitly (and unrealistically) assume that such large international
transfers are happening. Hypothetically, such a policy package
could indeed be utilitarian-optimal if it combined cost minimiza-
tion with large-scale international redistribution, but only as part of
such a package. Because large transfers of the required magnitude
are not even under discussion as part of any climate-policy package,
we assume that they do not happen in our modelling here. In the
absence of large progressive transfers between nations, it would be a
mistake to evaluate the shares of global emissions as if such transfers
were actually happening outside of the model.

In sum, the utilitarian approach outlined here is methodologi-
cally transparent and implementable in many existing modelling
frameworks; recommends better outcomes for human develop-
ment, equity and the climate; and more accurately reflects the policy
reality of independently determined national pledges and emissions
outcomes (without large international transfers). These results are
particularly useful given that, among the competing benchmarks
for climate equity, utilitarianism can be considered parsimoni-
ous: ethically and conceptually minimal in requiring each person’s
interests to count equally, emphasizing enhancements in wellbeing,
and agreement that a unit less of consumption hurts the poor more
than the rich.

Of course, we offer only a benchmark: no model of the utilitar-
ian outcome will in fact be implemented. Indeed, no single bench-
mark for equity or mitigation ambition will be sufficient to solve the
challenge of how to differentiate countries’ common responsibility
to address climate change under the United Nations Framework
Convention on Climate Change. And yet, our transparent and sim-
ple methodology can inform equity debates. Modellers now rou-
tinely investigate the consequences of varying assumptions such as
the social discount rate in robustness checks that otherwise leave
models unchanged. In this way, future modellers can investigate the
consequences of optimizing a utilitarian objective, as an informa-
tive alternative to limiting their analyses to cost minimization. This
could become a standard sensitivity test in the literature.
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Methods

Described here are the model and data underlying the computational exercises
archived** and freely available at: https://github.com/Environment-Research/
Utilitarianism. All results are therefore fully reproducible; we run all simulations on
the Mimi computing platform using the Julia programming language.

The RICE model was developed by William Nordhaus and analyses the
tradeoffs between investing in climate mitigation, which incurs a cost relatively
soon, and climate damages, which incur costs in the more distant future®.

RICE is the regional counterpart to the global aggregate Dynamic Integrated
Climate-Economy (DICE) model, which is one of the three leading cost-benefit
models used by researchers and governments for regulatory analysis, including to
estimate the social cost of carbon®. Here we describe key aspects of the standard
RICE2010 model, which has been described in more detail elsewhere**™.

Briefly, RICE is a regionalized optimization model that includes an economic
component and a geophysical (climate) component that are linked. RICE divides
the world into 12 regions, some of which are single countries while others are
groups of countries. Each region has a distinct endowment of economic inputs
including capital, labour and technology, which together produce that region’s
gross output via a Cobb-Douglas production function. Carbon emissions are
a function of gross output and an exogenously determined, region-specific
carbon-intensity pathway. These carbon emissions can be reduced (mitigated)
at a cost to gross output via control policies that are selected via a carbon price.
Any remaining carbon emissions are incorporated into the climate module where
they influence global temperature and, ultimately, the future economy through
climate-related damages. Future climate change affects regions differently, with
poorer regions generally more vulnerable to climate damages. The model is solved
by maximizing the weighted sum of discounted global wellbeing, where wellbeing
is a concave function of consumption. We describe the RICE model equations in
more detail below.

While it is often stated that optimal global climate policy requires global
harmonization of marginal abatement costs, this is only the case if distributional
issues are ignored or if lump-sum transfers are made between countries.
Chichilnisky and Heal'® have shown in a quite general theoretical model that if
there are global inequalities and the absence of, for example, corrective lump-sum
transfers between countries, then a policy in which different regions face different
carbon prices may be superior to one with a single global carbon price. Still, most
IAMs assume away distributional issues and calculate climate policy that assumes a
single global carbon price.

However, in RICE it is possible to remove the constraint that the carbon price
must be globally uniform, and instead instruct the model to vary the carbon price
in each region while maintaining the same global objective (equation (1) below).
This is the method we follow here (for similar methods and results in multiple
models see prior related work)'”*. The resulting optimum with varying regional
prices can be conceptualized as a ‘second best’ policy in the sense familiar from
public economics, optimized to a situation in which massive uncorrected global
income inequality is known to loom uncorrected in the background: equalizing
the marginal dollar cost of abatement (as existing models require) does not take
the diminishing marginal utility of consumption properly into account in such
a context, where it is known that a dollar of abatement has a much larger utility
cost in a poor region than in a rich region. In addition to the prior literature we
join that has focused on equity, other important recent papers have assessed and
contrasted NDCs with a different focus: for example, on comparability and the
Sustainable Development Goals™ or on transparency and coordination™.

In this way, varying regional prices allows richer regions to contribute
much more mitigation effort than poorer regions in a way that is optimized to
a utilitarian objective, thus permitting poorer regions to continue developing.
This maximizes the utilitarian improvements that are possible (as in Chichilnisky
and Heal’s proof'®) over the optimum that involves a single uniform global
carbon price. As a result, we call the optimum with varying prices the ‘utilitarian
optimum, in contrast to the uniform carbon price optimum that implies
cost minimization.

Equations and model description. In more detail, our version of RICE follows
RICE2010* and most of the literature in using a discounted and separable
constant-elasticity objective function with (total utilitarian) population weights:

Li "
Wen) = wi—ro (1)
— (A+p)f1l-n

where W denotes social welfare, L population, ¢ per capita consumption, p the
rate of pure time preference and 5 inequality aversion (that is, the consumption
elasticity of marginal utility). We set p at 0.8% to deliver a 2°C optimal temperature
path.  is set to 1.5 which implies that a dollar forgone by a rich person is equivalent
to 2.8 dollars lost by a person who is half as rich. The subscripts i and t are the
region and time indices, respectively.

If the weights that appear in this equation, w, are proportional to the inverse
of the marginal utility of consumption then they are called time-varying Negishi
weights. Time-varying Negishi weights are used in many climate-economy
models, including early versions of RICE, where they were introduced to impose

constraints on capital flows. (The first version of RICE was implemented like
a computational general equilibrium model, in which there would be capital
flows until the marginal utilities of consumption are equated across regions™.)
RICE2010 does not require weights for this purpose (because regions are
autarkic), but they are still used in Nordhaus’s version of RICE2010 so that the
maximization-as-market-simulation principle holds™.

The objective function we use sets w=1 for all i and ¢ and thus does not use
Negishi weights. We use uniform weights for a number of reasons. First, we do not
suppose that our results represent a market simulation because we do not expect
the mitigation rates that we compute to emerge as the result of an unregulated
market. But more importantly for the purposes of this paper, Negishi weights
distort time preferences® and the inter-regional trade-off* in ways that are opaque
and difficult to justify, both descriptively and normatively. We have explained this
change in more detail in a previous publication®.

Principally, we run the model without Negishi weights to investigate the policy
implications of a utilitarian objective; such an objective is ruled out by Negishi
weights, which do not weigh the interests of each person equally. Because regions
are autarkic in RICE, our use of uniform weights does not result in progressive
income redistribution between regions; instead, the only distributional choice
within the model is how to distribute future emissions via different regional carbon
prices. In this way, we model climate policy relative to suboptimal background
facts about global income inequality that are not counterfactually assumed to be
successfully addressed by any direct global-income-redistribution scheme; but, in
all of our modelling, we still set aside the issue of whether there should be general
progressive income redistribution, as we do not assume or permit any such general
redistribution in our modelling.

While we call equation (1) without weights a utilitarian objective, it can also
be interpreted as a prioritarian objective®~°, because equation (1) relies on a
diminishing social welfare of consumption parameter #, which could be interpreted
in the mainstream utilitarian way, but could also be interpreted as implicitly
capturing the additional distinctive prioritarian idea that there is also diminishing
social welfare of utility. (See Adler et al.”” for a study that further explicitly
represents and distinguishes prioritarian parameters.)

The utilitarian optimum that we report involves large differences in carbon
prices between regions; at the same time, we assume that regions are autarkic.

The rationale for this begins with the observation that no model in the IAM
literature fully endogenizes the movement of capital, technology or labour that
would result from its policies. For example, the standard RICE model takes
population growth to be exogenous, even though migration is well known to
respond to economic incentives. We follow RICE by assuming that all factors do
not endogenously relocalize globally. Such a modelling approach can be interpreted
as equivalent to assuming the existence of border taxes or other controls that
prevent such endogenous relocalization. In particular, differential prices can

cause a competitiveness differential that could lead to relocation of energy
intensive industries. The large literature on ‘carbon leakage’ looks at this issue

and at policy proposals, such as border tax adjustments, to counteract the effect.
The broad conclusion of this literature is that there are two channels for leakage:
competitiveness differences due to carbon price differences and fossil fuel price
level reductions due to decreased global demand. The consensus is that the second,
price level, effect is the dominating one®-*". This has two important consequences
for our utilitarian benchmark. First, the larger, level, effect does not apply in a
proposal in which all countries commit to emissions caps, because the overall
global emission is thereby capped. The competitiveness channel persists, but it is
small in size and can be adequately dealt with by an implementation of border tax
adjustments, such as that proposed in Flannery et al.”’.

The main climate and economic dynamics of our version of RICE follow
RICE2010. In our version of RICE, the world is composed of the same twelve
macro-region economies as in RICE2010 (some of which are in fact countries,
such as China, India, the United States, Russia and Japan). And, as in RICE2010,
given pre-damage and pre-mitigation cost gross output Q, in region i at time ¢
(determined by a Cobb-Douglas production function), the post-damage and
post-mitigation cost net output Y, is

1— Ay
Yii = i 2
¢ (1+D,-t)Q' (2

where D, is regional damage and A, is regional mitigation cost. For regional
population L, and savings rate S, investment I, (which adds to the stock
of capital) is

Lie = SiYir 3)

and average per capita consumption (for region 7 at time f) is
1—S;

it

Cit = Yir. (4)

The function determining the damage term D, is a quadratic function of
temperature rise above pre-industrial levels (T), with the severity and shape of
damages governed by linear and quadratic coefficients o, and a,:
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Djr = ayi Ty + azin (5)

Equation (2) links the economic and geophysical (climate) components;
industrial carbon emissions can be reduced (mitigated) at a cost to gross output
(A) via control policies that are selected via a global carbon price. In the utilitarian
optimum, different regions are allowed to have different carbon prices at each
time point, whereas in the cost-minimization optimum regions are constrained
to all have the same carbon price at each time point. Any remaining carbon
emissions are incorporated into the climate module where they influence global
temperature and, ultimately, the future economy through climate-related damages
(D) in equation (5). Future climate change affects regions differently, with poorer
regions generally more vulnerable to climate damages. All of this influences the
consumption of heterogeneous future people via equation (4), which influences the
sum of wellbeing in equation (1). The model is solved by maximizing equation (1).

Our version of RICE involves two other modifications beyond those described
above. First, we updated the population projections to those of the United Nations
2017 medium variant*. Second, in RICE2010 the social objective is not clearly
distinguished from the preferences of infinitely lived representative agents. In
our implementation, we decouple the behaviour of the private sector from the
social welfare evaluation, so that when we change a parameter in the social
welfare function (discount rate or inequality aversion), this triggers no change
in the private preferences of the individual agents about intertemporal allocation
and savings. Savings in our version of RICE are not determined by the social
welfare function but within a slightly simplified utility function with very similar
parameters to ours, following prior work*>”". This results in a fixed savings rate
of 25.8%. The environment we study has slower depreciation of capital than the
environment in which we derive the savings rate, so we have checked the sensitivity
of our results with lower uniform savings rates (down to 20.8%). These results are
available upon request, but do not meaningfully change the results besides leaving
all nations slightly less wealthy in the far future.

Our version of RICE results in lower peak temperature at the
cost-minimization optimum than RICE2010 at its cost-minimization optimum
due to the modifications detailed in this section, where this change is due
primarily to our modification to the objective function (that is, the fact that we do
not use Negishi weights in equation (1)). (See Supplementary Table 5 below for
demonstration that these changes do not drive our results.)

The preceding paragraphs summarize the key features of RICE relevant to
the analysis in this paper. Additional technical discussion of RICE2010 is available
in Nordhaus™.

Data availability
All data used in our version of the model is archived™ and freely available at
https://github.com/Environment-Research/Utilitarianism.

Code availability

All model code used to generate results and create figures for this article is
archived® and freely available at https://github.com/Environment-Research/
Utilitarianism.
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Extended Data Fig. 1| Cumulative emissions per capita converge over the 21st century under utilitarianism. The vertical axis plots, for each year,
(cumulative emissions by region since 1900 up to that year) divided by (the total population, measured as person-years, lived in that region since 1900
up to that year). The high levels for USA in 2020 are the result of far higher emissions through the 20th century than the poorer regions plotted. Only
countries are presented for which we have adequate population and emissions data going back to 1900.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE ARTICLES

a. Cost Minimization b. Utilitarianism
3:; 100+ Zero industrial Emissions . . . ; 1004
5 80 80
§ 601 60
8 40 — A
£ 40 —Z == 40
£ 20 = 204
§ 0 BAU : . . . . : . . : 04
2025 2050 2075
— - USA === China — - Japan == EU Africa == = |ndia == = QOthAsia
c. Cost Minimization d. Utilitarianism
80
60|
.
40| -—"
204 =
0< o d i . . '.
2025 2050 2075
— USA == China — Japan =  EU Africa == |ndia

Extended Data Fig. 2 | Multi-Model Robustness. Implementing the utilitarian method in the FUND model. The top row replicates Fig. 2c-d for RICE,

while the bottom row displays the analogous results in the FUND model, which is known to have substantively different assumptions and structure.50
(See FUND documentation for details of the FUND model.51) The main results of the paper—that regional emission allocations are heavily tilted towards
developing countries in the utilitarian optimum—also hold in the FUND model. (See also Anthoff 2011.18) We optimize FUND through 2300 with the same
discounting parameters and utilitarian objective function used to generate our main results with RICE. The FUND results assume that regional carbon
taxes can go no higher than $5000/ton CO2 and remain constant after 2200.
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In this Supplementary Information we present supplementary tables and figures on the utilitarian vs.
cost minimization optimization method.
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Relationship of our framework to IPCC equity categories

In Table S1 we reproduce the IPCC’s categorization of various equity considerations that have been

proposed in the literature to compare our results to these other considerations.

73-97

Fy
3| >
22|z
§ '§ T§ Description (quoted from IPCC
| 8| & | ARSWG3) Core values captured by the utilitarian approach
The utilitarian approach is heavily influenced by historical
emissions, because those emissions heavily influence which
countries are rich enough to bear the cost of near-term
emissions reductions in a way that is utilitarian-optimal --
"use historical emissions to derive that is, optimal relative to the goal of maximizing human
Responsibility | X emission goals" development
"allocation relating reduction goals or
reduction costs to GDP or human The utilitarian approach is a specific version of this approach,
development index (HDI) ... [or] basic because it calculates optimal reductions relative to the goal
Capability X needs." of maximizing human development
The utilitarian approach is conceptually tied to this approach,
because it derives from a primary focus on per capita
equality, in that it gives equal per capita weight to the
interests of every future person on the planet, and given that
equal weighting calculates the optimal convergence of
"allocations based on immediate or emissions to zero relative to the goal of maximizing human
converging per capita emissions ... development. The utilitarian approach can also give weight
[including in some studies] per capita to subregional dynamics (see Budolfson and Dennig
Equality X distributions within countries" forthcoming)
The utilitarian approach is a version of this approach,
Responsibility, because it is a version of the capability approach that is also
capability, use both "responsibility and capability | heavily influenced by historical emissions (see above
and need X X explicitly as a basis" discussion of capability and responsibility approaches)
"allocate equal cumulative per capita
Equal emission rights based on a global The utilitarian approach, while not targeted to cumulative
cumulative carbon budget ... [s]tudies diverge on emissions per capita, proposes a solution with a convergence
per capita how they assign the resulting budget in this metric similar to methods which explicitly take this as
emissions X X for a country to individual years" their objective. (See Extended Data Figure 1)
"countries take differentiated The utilitarian approach is a version of this approach,
commitments in various stages ... the because it is a version of the capability approach that is also
respective commitments are heavily influenced by historical emissions and derives from a
Staged determined by indicators using all primary focus on equality (see above discussion of capability,
approaches X X X four equity principles" responsibility, and equality approaches)

Table S1: Core Values from each IPCC Effort-Sharing Proposal are Captured by the Utilitarian Approach. The
IPCC contrasts these six effort-sharing proposals with the cost-minimization (equal marginal abatement cost)
approach, as the cost-minimization approach ignores equity principles; however, the utilitarian policy coheres
with values from each of the six proposals, as detailed in the rightmost column of the table.
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As is explicitly highlighted in Extended Data Figure 1, the Utilitarian benchmark achieves rapid
convergence in historical emissions per capita (panel a). This is especially clear when compared with
cost-minimization (panel b), which displays comparatively little convergence over the next century.
Thus, the utilitarian solution ultimately approximates approaches that explicitly target historical
responsibility.?®%
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Robustness: Discount rate assumptions do not drive results, nor do assumptions
about climate damages or maximum feasible decarbonization rates

The rate of pure time preference, p in Equation 1 (the rate at which the future is discounted simply
because it is in the future), is a critical component in climate economy models that seek to optimize
cumulative wellbeing, along with inequality aversion, n in Equation 1 (the relationship between
wellbeing and dollars of consumption),

Regarding pure time preference, serious damages from climate change accumulate in the far future,
therefore even a small rate of pure time preference (such as our assumption of 0.8%) will greatly
discount the wellbeing of people in the further future. We recognize there are ethical and utilitarian
arguments for a rate of pure time preference close to zero, which would imply that wellbeing across
generations is weighted equally regardless of when it occurs. There are also arguments for higher
discount rates.

Table S2 provides a sensitivity analysis for different assumptions about the rate of pure time preferences
p, which can be compared with the results in the main text, where a rate of 0.8% was assumed in order
to deliver a peak temperature of 2 °C above pre-industrial levels together with a standard assumption of
1.5 for n. Table S3 provides a sensitivity analysis for different assumptions about inequality aversion 1,
together with the assumption of a 1.5% rate of pure time preference that is assumed by William
Nordhaus, the architect of the RICE model. Table S4 provides a sensitivity analysis of different
combinations of assumptions about p and n, including our assumptions in the main text (p = 0.8% and n
= 1.5) compared to two alternative combinations (Nordhaus’s combination p = 1.5% and n = 1.5, and a
combination of p = 0.1% and n = 2.3 in line with parameter values suggested by Martin Weitzman,
Partha Dasgupta, and others)'*'** that conform with common practice in economics to choose discount
rates that match individual revealed preferences (i.e. are consistent with the Ramsey equation).””*

These tables confirm that (as expected) lowering discount rates increases the speed of decarbonization.
At the same time, the burden is still placed first on richer countries and then on poorer countries in the
Utilitarian optimum (top row of each year) relative to a cost minimization optimum (bottom row in
parenthesis). Africa, India and “Other Asia” are allocated a higher emissions share (the US, EU and Japan
are allocated a lower share) under utilitarianism regardless of discounting choice. Again, allowing for
variable carbon pricing in the utilitarian optimum slows the speed at which the poorest regions need to
decarbonize relative to the rich regions.

Importantly, the rows displaying cumulative emissions show that although the choice of these
discounting parameters has an important effect on the speed of decarbonization, it does not greatly
affect the cumulative emission shares assigned to regions. (See Budolfson et al. 2017 and Budolfson and
Dennig 2018 for important qualifications to these and other relationships that emerge when subregional
inequalities are represented.*’*%?) Similar remarks apply regarding the choice of damage function, and
assumptions about maximum feasible rate of near-term decarbonization. In particular, as we detail
below in Table S4, column 3 of that table investigates the consequences of adding a steep, convex cost
for decarbonizing quickly. This is designed to capture possible constraints on the rate at which the
richest countries can decarbonize, because the main text utilitarian optimum has them decarbonizing
quickly. These results show that our conclusions are robust to this change, especially in producing
comparable cumulative future emissions shares.
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us EU Japan  Russia Eurasia  China India MidEast  Africa  LatAm OHI OthAsia

Lower Discounting: 0.1% Annually
2025 0% 0% 0% 0% 3% 26% 23% 10% 10% 8% 0% 21%
15% 13% 5% 2% 1% 19% 9% 10% 3% 7% 6% 9%
2075 0% 0% 0% 0% 0% 0% 11% 0% 89% 0% 0% 0%
NA NA NA NA NA NA NA NA NA NA NA NA
2125 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
2175 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 0% 0% 0% 0% 2% 15% 26% 6% 23% 4% 0% 23%
14% 15% 5% 2% 1% 15% 10% 10% 4% 9% 6% 10%

Middle Discounting: 1.5% Annually
2025 0% 6% 2% 3% 3% 33% 13% 12% 5% 8% 2% 12%
16% 11% 4% 4% 2% 24% 8% 9% 3% 6% 5% 7%
2075 0% 0% 0% 0% 1% 8% 25% 11% 24% 7% 0% 24%
11% 10% 2% 1% 1% 12% 13% 12% 10% 9% 4% 14%
2125 0% 0% 0% 0% 0% 0% 22% 0% 65% 0% 0% 13%
NA NA NA NA NA NA NA NA NA NA NA NA
2175 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 0% 2% 1% 1% 2% 18% 20% 10% 22% 6% 1% 18%
13% 10% 3% 2% 2% 17% 11% 11% 7% 8% 5% 11%

Higher Discounting: 3% Annually

2025 5% 8% 3% 4% 3% 30% 11% 11% 4% 7% 3% 10%
16% 10% 4% 4% 2% 25% 8% 9% 3% 6% 5% 7%
2075 0% 2% 0% 1% 2% 17% 19% 14% 17% 8% 0% 19%
12% 9% 2% 2% 2% 15% 12% 12% 10% 8% 4% 13%
2125 0% 0% 0% 0% 0% 0% 25% 7% 39% 3% 0% 25%
8% 11% 2% 0% 0% 0% 15% 12% 17% 12% 4% 19%
2175 0% 0% 0% 0% 0% 0% 0% 0% 100% 0% 0% 0%
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 1% 3% 1% 1% 2% 16% 18% 11% 22% 6% 1% 17%
12% 10% 3% 2% 2% 16% 11% 11% 9% 8% 4% 12%

Table S2: Robustness: Comparable effects of utilitarianism, relative to cost minimization, across
alternative rates of pure time preference. Optimal (industrial) emissions shares in each of the three
panels reflect the indicated rate of pure time preference (p = 0.1%, p = 1.5%, or p = 3%; see Equation 1),
but are otherwise computed identically as our main results. In particular, these results all retain the
same degree of inequality aversion as the results reported in the main text (i.e. n = 1.5). Within each
pair, the top line reflects utilitarianism and the bottom line reflects a cost minimization optimum
involving uniform carbon prices. (“NA” denotes time periods where full decarbonization has already
occurred in the scenario.)
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us EU Japan  Russia Eurasia  China India  MidEast Africa LatAm OHI OthAsia
Lower Inequality Aversion: Log Utility (n=1)
2025 3% 8% 3% 3% 3% 30% 12% 11% 5% 8% 3% 11%
16% 11% 4% 4% 2% 23% 8% 9% 3% 6% 5% 8%
2075 0% 0% 0% 0% 0% 1% 26% 11% 27% 8% 0% 26%
11% 12% 3% 0% 0% 6% 14% 12% 11% 11% 5% 16%
2125 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
2175 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 1% 4% 1% 1% 2% 18% 18% 10% 18% 7% 1% 18%
13% 11% 4% 2% 1% 16% 11% 11% 6% 8% 5% 11%
Middle Inequality Aversion: n=1.5
2025 0% 6% 2% 3% 3% 33% 13% 12% 5% 8% 2% 12%
16% 11% 4% 4% 2% 24% 8% 9% 3% 6% 5% 7%
2075 0% 0% 0% 0% 1% 8% 25% 11% 24% 7% 0% 24%
11% 10% 2% 1% 1% 12% 13% 12% 10% 9% 4% 14%
2125 0% 0% 0% 0% 0% 0% 22% 0% 65% 0% 0% 13%
NA NA NA NA NA NA NA NA NA NA NA NA
2175 NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 0% 2% 1% 1% 2% 18% 20% 10% 22% 6% 1% 18%
13% 10% 3% 2% 2% 17% 11% 11% 7% 8% 5% 11%
Higher Inequality Aversion: n=2
2025 0% 3% 1% 3% 4% 36% 14% 13% 6% 8% 0% 13%
16% 10% 4% 4% 2% 25% 8% 9% 3% 6% 5% 7%
2075 0% 0% 0% 0% 1% 9% 25% 11% 24% 6% 0% 24%
12% 9% 2% 2% 1% 14% 12% 12% 10% 9% 4% 13%
2125 0% 0% 0% 0% 0% 0% 26% 0% 56% 0% 0% 19%
0% 16% 3% 0% 0% 0% 14% 8% 17% 15% 4% 23%
2175 0% 0% 0% 0% 0% 0% 0% 0% 100% 0% 0% 0%
NA NA NA NA NA NA NA NA NA NA NA NA
Cumulative 0% 1% 0% 1% 2% 17% 21% 9% 26% 5% 0% 19%
13% 10% 3% 2% 2% 17% 11% 11% 8% 8% 5% 12%

Table S3: Robustness: Comparable effects of utilitarianism, relative to cost minimization, across
alternative assumptions about inequality aversion. Optimal (industrial) emissions shares in each of the
three panels reflect the indicated assumption about inequality aversion (n =1, 1 = 1.5, or n = 2; see
Equation 1), but are otherwise computed identically as our main results. In particular, these results all
retain the same degree of pure time preference p = 1.5%. Within each pair, the top line reflects
utilitarianism and the bottom line reflects a cost minimization optimum involving uniform carbon prices.
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(1) (2) (3) (4) (5)
Baseline: Main Text Catastrophic Damages Feasibility Constraints Weitzman/Dasgupta RICE Default
(p=.8%, n=1.5) on Abatement Parameters Parameters (p=1.5%,
(p=0.1%; n=2.3) n=1.5)
Cost- Cost- util. Cost-Min.
Util. Cost-Min. Util. Cost-Min. Util. Min. Util. Min.

a. Regional shares of all future emissions (compare Figure 1, panels g and i)
USA 0.0% 11.7% 0.0% 11.5% 2.2% 11.4% 0.0% 11.8% 0.1% 11.5%
EU 0.7% 10.2% 0.7% 10.3% 2.8% 10.4% 0.0% 10.0% 1.8% 9.8%
Japan 0.1% 3.2% 0.1% 3.2% 1.0% 3.2% 0.0% 3.0% 0.5% 2.8%
Russia 0.4% 2.0% 0.4% 1.9% 1.3% 2.0% 0.0% 2.2% 0.8% 2.1%
Eurasia 1.5% 1.2% 1.5% 1.2% 1.6% 1.3% 1.5% 1.3% 1.6% 1.3%
China 14.3% 14.6% 14.2% 14.3% 15.8% 14.8% 13.2% 15.4% 15.2% 14.9%
India 19.2% 9.4% 19.2% 9.4% 17.0% 9.5% 20.1% 9.6% 18.4% 10.2%
Middle East 7.3% 9.4% 7.2% 9.3% 7.6% 9.3% 5.4% 9.6% 8.7% 10.0%
Africa 22.8% 7.5% 22.8% 7.5% 19.7% 7.6% 26.5% 7.5% 22.6% 8.4%
Latin America 10.0% 11.7% 10.2% 11.9% 9.4% 11.4% 8.5% 11.0% 8.9% 10.5%
other high inc. 0.1% 4.5% 0.1% 4.5% 1.1% 4.4% 0.0% 4.5% 0.4% 4.3%
other Asia 23.5% 14.7% 23.6% 14.9% 20.4% 14.5% 24.0% 14.1% 21.1% 14.1%
b. Other key
results
Peak 1.99 2.24 1.97 2.20 2.19 2.38 1.99 2.45 2.38 2.73
Temperature
Year U.S. 2020 2095 2020 2095 2045 2095 2020 2095 2025 2115
Decarbonizes
Year India 2115 2095 2115 2095 2125 2115 2105 2105 2145 2125
Decarbonizes
Year Full 2135 2095 2135 2095 2145 2115 2135 2105 2165 2115

Decarbonization

Table S4: Robustness: Comparable effects of utilitarianism, relative to cost-minimization, across
alternative combinations of assumptions about pure time preference and inequality aversion,
elevated climate damages, and reduced feasible abatement rate. Optimal (total) emissions shares in
each of columns 1, 4, and 5 reflect the indicated assumption about pure time preference and inequality
aversion, but are otherwise computed identically as our main results. (The three pairs are: our
combination in the main text of p = 0.8% and n = 1.5, a combination of p = 0.1% and 1 = 2.3 in line with
parameter values suggested by Martin Weitzman and Partha Dasgupta, and William Nordhaus’s
combination of p = 1.5% and n = 1.5, which are the default values in the official RICE model).?”100101
Column 2 compares utilitarianism and cost-minimization with elevated climate damages suggested by
Weitzman 2012, chosen so that half of GDP is wiped out by climate damages when temperatures reach
6 °C (above pre-industrial levels). (For comparison, for the median region, the RICE damages vyield
approximately 8% GDP losses at 6 °C."%>1%%)

Along with the standard monetary costs associated with low emission levels there may be an additional
cost to changing emissions policy quickly. In order to reflect the possibility that rapid decarbonization
may be associated with significant political frictions, stranded economic assets, or other social costs of
rapid change, in column 3 we add an additional component into the model to approximate this dynamic.
Column 3 compares utilitarianism and a cost minimization optimum with the addition of a constraint on
the feasible speed of decarbonization in wealthier regions, chosen so that doubling the emissions
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control rate increases this cost by a factor of 16 (more generally it is a quartic; if the speed of adjusting
emissions control is m-times larger than the previous period the cost is m* times larger). This cost of
rapid change is convex; large changes to emission intensities incur disproportionately large costs. In the
face of convex costs, large discrete changes in policy are expensive resulting in an optimal
decarbonization path for wealthy regions that is smoother and slower.
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Robustness: Small modifications to the RICE model do not drive results

Our model makes various small deviations to the RICE2010 model, as explained in the Equations and
RICE Model Description section above, which primarily consist of not using Negishi weights, updating
population projections to those of the UN2017 medium variant, and fixing the savings rate at an
exogenous 25.8%. Table S5 shows that emissions shares are not importantly affected by these changes.

us EU Japan  Russia Eurasia  China India MidEast  Africa  LatAm OHI OthAsia
2025 15% 10% 3% 1% 2% 26% 8% 9% 3% 6% 5% 8%
16% 11% 4% 4% 2% 24% 8% 9% 3% 6% 5% 7%
2075 12% 9% 2% 2% 1% 17% 12% 12% 6% 8% 4% 14%
11% 10% 2% 1% 1% 12% 13% 12% 10% 9% 1% 14%
2125 6% 14% 3% 0% 0% 0% 15% 11% 9% 14% 4% 25%
NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA

2175
NA NA NA NA NA NA NA NA NA NA NA NA
. 12% 10% 3% 2% 1% 18% 11% 11% 5% 8% 4% 13%

Cumulative

13% 10% 3% 2% 2% 17% 11% 11% 7% 8% 5% 11%

Table S5: Robustness: Small modifications to the RICE model do not drive results. This table reports
emissions shares by year in the original RICE2010 model as posted by William Nordhaus, and compares
them, for each year, with the cost minimization optimum in our slightly modified model using the same
discounting parameters assumed by Nordhaus (for comparability). Within each pair, the top row
displays emissions shares as determined in the original RICE2010 model; unlike our version of the
model, the original RICE2010 model uses Negishi weights and has endogenous savings. Within each pair,
the bottom row is the cost minimization optimum in our modified model. The bold bottom pair of rows
highlights the similarities of cumulative emissions shares. This robustness check verifies that our results
are not driven by our modifications of the RICE2010 model.
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Robustness: Evaluations of NDCs and regional shares of CO, emissions are not

driven by discounting assumptions. For three different sets of assumptions about discounting,
regional shares of CO, emissions and resulting evaluation of NDCs are plotted under two policies: a cost-
minimization regime with uniform global carbon price (Cost Minimization), and the optimal utilitarian
regime with carbon prices that can vary between regions (Utilitarian). As in Figure 1, for these two
policies, 1a-1e compares NDCs for selected regions to future emissions; 1f-1h compares future global
CO, emissions with regional decomposition; 1g-1i compares regional shares of all future global CO,
emissions. Figure S1i is the same as Figure 1 of the main text, and thus assumes discounting parameters
p =0.8% and n = 1.5. Figure Slii assumes p = 0.1% and n = 2.3 in line with parameter values suggested
by Martin Weitzman and Partha Dasgupta.'”'°* Figure S1iii assumes William Nordhaus’s combination of
p =1.5% and n = 1.5, which are the default values in the official RICE model.”’
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Figure S1i: Evaluations of NDCs and regional shares of CO2 emissions with p = 0.8% and n = 1.5 (same
as main text Figure 1).
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Figure S1ii: Evaluations of NDCs and regional shares of CO2 emissions with p =0.1% and n = 2.3.
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Figure S1iii: Evaluations of NDCs and regional shares of CO2 emissions with p =1.5% and n = 1.5.
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Additional data

Future consumption for all RICE regions

Here we provide full results for near-term per capita consumption growth in each RICE region for the
utilitarian optimum we present in the main text. Even with high mitigation burdens for rich countries in
this solution, the economic growth assumptions inherent in RICE imply that consumption does not fall.
This may be an important factor when assessing the political feasibility of asking countries like the US to
fully mitigate over a relatively short time horizon.
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Figure S2: Additional data: Future per capita consumption in each RICE region under utilitarianism.
Each panel shows future per capita consumption for one of the 12 RICE regions in thousands of 2005
U.S. dollars.
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RICE Output in Mimi vs. Excel

Here we verify that our implementation of RICE in Mimi replicates the output of the original RICE model
(as posted in an excel spreadsheet by the author William Nordhaus on his website). Figure S3 overlays
the original RICE solution (as colored dots) over the Mimi solution produced by our code (solid lines) for
a sample of the model’s output. There is no discrepancy between the output produced by our code and
the original RICE output. Replication tests for additional model results are available at Julia RICE2010’s
GitHub page show the two model versions agree to a numerical precision of at least 1 x 10" across all
time periods.

(a) Surface Temperature Increase | (b) Climate Damages (c) Per Capita Consumption
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Figure S3: Additional data: Optimal policy replication tests using Julia implementation of RICE2010.
The panels compare (a) surface temperature increase, (b) regional climate damages, and (c) regional per
capita consumption model output from the original spreadsheet version of RICE2010 (circles) and
RICE2010 coded in Julia (lines) under an optimal climate policy. See
https://github.com/anthofflab/MimiRICE2010.jl/blob/master/test/runtests.jl for a full sample of results
comparing Mimi with Nordhaus’ RICE output.
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