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A proposal to combat free riding in international climate agree-
ments is the establishment of a climate club—a coalition of coun-
tries in a structure to encourage high levels of participation.
Empirical models of climate clubs in the early stages relied on the
analysis of single-period coalition formation. The earlier results
suggested that there were limits to the potential strength of clubs
and that it would be difficult to have deep abatement strategies in
the club framework. The current study extends the single-period
approach to many periods and develops an approach analyzing
“supportable policies” to analyze multiperiod clubs. The major
element of the present study is the interaction between club effec-
tiveness and rapid technological change. Neither alone will pro-
duce incentive-compatible policies that can attain the ambitious
objectives of international climate policy. The trade sanctions
without rapid technological decarbonization will be too costly to
produce deep abatement; similarly, rapid technological decarbon-
ization by itself will not induce deep abatement because of
country free riding. However, the two together can achieve inter-
national climate objectives.

climate change j integrated assessment j climate club j supportable
policies j carbon prices

G lobal agreements on climate change date back to the
Kyoto Protocol in 1997, yet little substantial coordinated

abatement has taken place. Free riding is a major hurdle in
curbing global externalities and is at the heart of the interna-
tional failures to deal with climate change. Without an appro-
priate incentive structure, no individual country has an incen-
tive to cut its emissions sharply. Moreover, if there is an
international agreement, nations have a strong incentive not to
participate. If they do participate, there is a further incentive to
miss ambitious objectives. The outcome is a noncooperative
free-riding equilibrium in which few countries undertake strong
climate change policies—a situation that closely resembles the
current international policy environment. Nations speak loudly
but carry the tiniest of sticks.

One proposal to combat free riding is the concept of a cli-
mate club, which is a coalition of countries organized to
encourage high levels of participation and abatement. The
idea, analyzed in ref. 1, is that nations can overcome the syn-
drome of free riding in international climate agreements if
they adopt the club model rather than voluntary arrange-
ments. The central feature of the club model is that the
structure includes both obligations in terms of strong abate-
ment and penalties for either nonparticipation or failure to
meet the club obligations.

The club model analyzed here centers on an “international
target carbon price” that is the focal provision of the agree-
ment. (The power of the price as a single instrument has been
shown in ref. 2.) For example, countries might agree that each
country will implement policies that produce a minimum
domestic carbon price of $50 per metric ton of CO2. The target
price might apply to 2025 and rise over time at, say, 3% per
year in real terms. Carbon prices might be determined by either
a cap-and-trade system or by carbon taxes as best fits the

structures of individual countries, but many details for measur-
ing remain to be determined. Additionally, no consideration is
given to transfers among regions.

The need for a special type of agreement is required by the
combination of climate as a global public good and the lack of
a mechanism for requiring participation of individual countries.
Both the theory and history of international agreements show
that some form of penalty is required to induce countries to
participate in agreements with local costs but diffuse benefits
(see particularly refs. 3 and 4). While the exact degree of free
riding and cooperation will differ according to the technology
and the assumptions about coalition formation and stability,
most theoretical and empirical modeling suggests that reaching
a grand bargain of most regions with strong abatement will be
extraordinarily difficult (5–9). Studies of club-like structures
can be found in refs. 10–14. For an independent empirical
modeling analysis, see ref. 15.

The original proposal in the climate club was a uniform tariff
on all imports of nonclub countries into the club. Take as an
example a penalty tariff of 5%. If nonparticipant country A
exports $100 billion into the club region, it would be penalized
by $5 billion of tariffs. In calculations of the coalition stability
of a one-shot climate club using the Coalition-DICE (C-DICE)
model (1), it was estimated that climate clubs would be
extremely effective (relative to no club) for low carbon prices
(less than $100/tCO2 in 2015). Those estimates also showed
that a club would have difficulty supporting higher carbon pri-
ces at the current economic structure.

However, that analysis was limited to a single period. The
reason was that the computational complexity of the C-DICE
model was too great for a full dynamic model (see SI Appendix
for a discussion of complexity). The present study tackles
the question of sustainable climate clubs in a multiperiod
framework.
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Here are the major results. The major analytical concept
developed here is a “supportable policy.” This designates the
upper bound on a contribution to the public good that is com-
patible with the incentives contained in the agreement. At the
most general level, supportable policies are ones that will mini-
mize carbon emissions each period subject to a constraint that
the policy is incentive-compatible with the agreement. More
precisely, the supportable policy is one in which the costs of
participating (through abatement) just equal the costs of non-
participation (imposed through the trade sanctions). We can
interpret supportable policies as ones with maximum stringency
given the incentives to be in the club (here, the incentives are
tariffs, but they could be something else). The required policies
could be emissions prices, emissions limits, or other constraints
on producer and consumer behavior, although the present
study examines supportable carbon prices. Policies that have
target carbon prices lower than the supportable price have
lower abatement; policies with higher target carbon prices
induce countries to drop out of the club and therefore also
have lower abatement. The study defines supportable targets,
shows how to find them in a simple example, and then develops
a global empirical model that allows the calculation of support-
able policies over time.

A second contribution is to develop a simple analytical
model of the supportable participation of a country in a regime
(such as a climate club) that imposes costs but also conveys
rewards for participation (or imposes punishments for nonpar-
ticipation). While estimating the equilibrium of a coalition in a
dynamic framework is computationally extremely burdensome,
as noted in SI Appendix, determining supportable policies is rel-
atively simple both analytically and computationally for the
multiperiod model.

A third finding in a simple analytical model provides the key
determinants of supportable policies. It shows that the time
path of supportable policies for the climate club depends pri-
marily on six determinants. These are trade openness (the
trade–output ratio), the tariff rate, the rate of decarbonization,
the fraction of the world in the club, the welfare loss per unit
tariff, and the rate of technological change in the backstop
technology. Additionally, in the simple model, the growth of
output does not affect the outcome because it cancels out for
costs and benefits.

The fourth contribution is developing a simple global com-
putable model (Trade DICE or TDICE) for estimating support-
able carbon prices, emissions, and geophysical variables such as
concentrations and temperature. The model uses much of the
structure of the standard DICE model (described in Modeling
Details) but adds equations that represent the public-goods
character of damages, “club” variables such as trade, the gains
from trade, and the costs of trade sanctions. By combining the
different components, it is possible to determine the support-
able carbon prices and emissions—that is, policies in which
emissions are minimized subject to the constraint that the costs
of participating just equal the costs of nonparticipation.

Fifth, the results of the TDICE model show several features.
First consider a scenario with baseline technology and other
parameters. Even with strong trade sanctions of 10% uniform
tariffs for nonparticipation, emissions are slowed sharply in the
club relative to no club policy but do not attain the high levels
of abatement that are the objectives of international climate
policy. With baseline parameters and strong sanctions, indus-
trial emissions in 2050 are 26 GtCO2 rather than the target of
zero. The global temperature in 2100 reaches 3.1 ˚C rather
than the 1.5 or 2 ˚C targets. This result confirms the conclusion
in ref. 16 that the incentives in the climate club as originally
conceived are insufficient to attain international objectives.

A sixth finding shows the importance of the combination of
the club incentives and rapid decarbonizing technological

change. Two important parameters in the analysis are the rate
of decarbonization and the rate of technological change in the
backstop technology. Technological improvements provide pow-
erful boosts to the club incentive because they lower the cost of
participation. As a polar and ambitious objective, the model
examines the club incentives along with a rapid rate of decar-
bonization (2% per year faster than historical rates) as well as a
rapid decline in the cost of the backstop technology (at 4% per
year instead of 1% in the base assumption). With these
assumptions and the strong tariff incentive of 10% penalty tar-
iff, global emissions in the TDICE model are slightly negative
in 2050, and global temperatures stay within the 2 ˚C limit.
While the combination of a strong club and rapid technological
change are at the outer edge of political and technological real-
ism, they do point to a potential political–economic–
technological mechanism for attaining ambitious climate
objectives.

Finally, the major surprise of the study is the interaction
between the club structure and rapidly decarbonizing techno-
logical change in a dynamic framework. Neither a club nor
rapid technological change by themselves will produce
incentive-compatible policies that can attain the ambitious
objectives of international climate policy. The trade sanctions
without rapid technological decarbonization will be too costly
to induce highly costly deep abatement; similarly, rapid techno-
logical decarbonization by itself will not induce deep abatement
because of country free riding. However, the two together—
providing incentives to participate but lowering the costs of par-
ticipation at the same time—are a team that, in principle and
according to the current study, can achieve the international
objectives.

Analytical Extension of Climate Clubs for Many Periods
Clubs and International Agreements. This section presents a
simplified analysis of a dynamic model of a climate club and
describes an alternative approach that analyzes supportable poli-
cies in climate agreements or climate clubs. Here is the basic
idea: many activities have the characteristics of public goods in
which the benefits are diffuse (have some elements of nonexclu-
sivity and nonrivalry). The classic example is a lighthouse (or a
Global Positioning System in the modern era), in which beacons
or locations enjoyed by one do not exclude others.

Public goods create a challenge because they are prone to
free riding, where some users may enjoy the benefits (light or
location in the example just used) without paying. Governments
solve the public goods problem using their powers of taxation
to finance public works such as lighthouses and satellites. For
the case of private activities such as recreational and sporting
facilities, people can join together in clubs, which are a mecha-
nism that allow voluntary agreements to provide goods with
public-good characteristics (“club goods”). A club is a voluntary
group deriving mutual benefits from sharing the costs of pro-
ducing an activity that has club-good characteristics. The gains
from a successful club are sufficiently large that members will
pay dues and adhere to club rules in order to gain the benefits
of membership.

The major conditions for a successful club include the fol-
lowing: 1) there is a public good–type resource that can be
shared (whether the benefits from a treaty or the enjoyment of
a golf course); 2) the cooperative arrangement, including the
cost, is beneficial for each of the members; 3) nonmembers can
be excluded at a relatively low cost to members; and 4) the
membership is stable in the sense that no member wants to
leave. For a thorough discussion, see ref. 17.

From an analytical point of view, international treaties can be
viewed as clubs. Under the central principles of modern interna-
tional law, nations are sovereign and have the fundamental right
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of political self-determination. In accordance with the 1969 Treaty
of Vienna, a treaty does not create either obligations or rights for
a third State without its consent. All international agreements are
therefore essentially voluntary.

Given the structure of treaties, we can look to the character-
istics of clubs to understand what can provide durable interna-
tional agreements. The most important ingredients are that a
public goods treaty, first, imposes costs on participants and, sec-
ond, has sufficient deterrents for nonparticipants that the
agreement is stable or self-enforcing.

As examples, the current international trade system provides
access to other countries’ markets with low trade barriers while
providing access to the home market. For military alliances, the
benefits are peace and survival, while the costs are military
spending. The European Union (EU) is the most relevant
example of a multinational club, with the benefits of a single
market and the costs being elements such as regulatory unifor-
mity and adherence to a unified climate policy. In all cases,
countries must contribute dues—these being low trade barriers
for trade or burden sharing in defense treaties. The require-
ment for a successful international system to deal with climate
change can look to the theory and practice of clubs for its
inspiration.

Agreements on global public goods such as climate change
face greater challenges than club goods such as international
trade agreements and military alliances because nonpartici-
pants benefit from the actions of participants in climate agree-
ments. The proposal here is to use linkages with other agree-
ments (in this example, those relating to international trade) to
convert a pure public good into a club good. The key point is
that there are limits on the power of the linkage because there
must be sufficient economic benefit or surplus in the linked
agreement to “support” turning a global public good into a
club good.

Modeling Supportable Policies in a Climate Club. The earlier anal-
ysis in ref. 1 found that it would be difficult to induce high par-
ticipation with a carbon price well above $50 per ton of CO2 in
a one-shot climate game. The full solution for a multiperiod,
multiregion climate club appears computationally impossible
with combinatorial or genetic algorithms, so the present study
uses a different approach, which is the analysis of supportable
policies. These are ones that are on the frontier of what can be
supported by the club sanctions for nonparticipation. More spe-
cifically, the study analyzes “supportable policies,” which are
climate policies that can be supported by reasonable penalty
tariffs (up to 10% uniform tariff).

The model is a standard economy–climate integrated assess-
ment model that has been modified to estimate the supportable
or maximum carbon price (or alternatively supportable maxi-
mum emissions reductions). This requires modules for eco-
nomic growth, CO2 emissions, international trade, climate dam-
ages, and the cost of emissions reductions. Except for trade,
these equations come from the DICE-2016R3 model (18),
while the trade equations come from ref. 1. The representative
region is assumed to optimize its economic welfare (roughly,
the present value of its full consumption including abatement
costs and damages). The key assumption is that the emissions
reductions and carbon prices are set at levels at which the
region is indifferent about whether or not to join the club. In
other words, it optimizes its behavior assuming that the cost of
the trade sanctions is equal to the cost of abatement required
by being in the club. For those familiar with integrated assess-
ment models of climate change, the only novel feature of the
modeling is to impose the breakeven constraint between abate-
ment cost and trade penalties, which allows the calculation of
supportable policies.

Focusing more closely on country decisions, each region’s
policy involves two decisions: each period’s level of abatement
and decisions about whether to participate in international
agreements. If the agreement is a club-type agreement, each
country will compare the costs of the penalty tariffs (if out of
the club) against costs of the abatement (if in the club). At the
breakeven point, as shown in SI Appendix and suppressing the
time subscripts, the supportable carbon price (s), emissions
(E), and emissions control rate (μ) are given by the following
equations.

s � ¼ ðki�pi=riÞ1=2 [1]

μ�i ¼ ðki=�piriÞ1=2 [2]

E�
i ¼ Yiri½1� ðki=�piriÞ1=2�: [3]

The variables are ki ¼ 2ziqihT, in which ρ = welfare impact of
tariffs, zi = openness ratio (trade/gross domestic product
[GDP]), h = club size (fraction of emissions in club), T ¼ pen-
alty tariff rate, �pi = cost of backstop technology, Yi ¼GDP, and
σi ¼ Ei=Yi.

Note that the supportable emissions control rate can be neg-
ative depending on the factors on the righthand side of Eq. 2
(e.g., with a high penalty tariff or a low backstop cost).

By calculating the growth rates, we see that the key variables
change at one-half the rate of the growth of parameters such as
the tariff rate, the rate of growth of carbon intensity (r), the
rate of decline of the backstop cost, and the rate of growth of
trade openness.

A key result of Eqs. 1–3 is that the supportable emissions
control rate evolves over time with technological and policy
parameters. The key ones that appear are technological
improvements that lead to lower costs of noncarbon substitutes
for fossil fuels. These will raise the supportable control rate
and emissions reductions. While this point is central to the
effectiveness of climate clubs, only empirical club modeling can
indicate the actual importance of different factors. Modeling
Details provides insights from empirical modeling.

Modeling Details. The estimates in this study are based on an
empirical dynamic optimization approach using the standard
DICE model with trade sanctions included, the TDICE model
(see refs. 18 and 19 for a description of the DICE model). This
TDICE model represents the idea that we are integrating the
standard DICE integrated assessment model with a trade com-
ponent. The approach is simplified and primarily intended to
illustrate the power of a climate club plus enhanced decarbon-
izing technology to provide the glue for an international climate
agreement. In what follows, “decarbonization” refers to the
decline rate in the ratio of CO2 emissions to output.

Here is the basic setup. The analysis begins with the standard
DICE model with two modifications. One is to change the
structure so that the abatement will represent the optimal
behavior of a “representative country.” This step involves
changing the damage parameter to reflect the global public
goods character of climate damages.

The second modification is to add a module that represents
the costs and benefits of joining the climate club. This involves
new equations and parameters that incorporate international
trade and tariffs as well as a structure in which the costs of
trade sanctions can be weighed against the costs of abatement.
In the theory described in the last section and the empirical
model, the country decides whether to join the club with costly
abatement or to stay out of the club and incur costly trade pen-
alties. This version assumes no retaliation by regions out of the
club, and that assumption is reviewed in Impact of Club Size.

The model calculates the supportable target carbon price,
emissions reductions, and emissions for the representative
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country. Prices are calculated as the dual variable (shadow
price) on the emissions constraint. The supportable policy
comes where the cost of abatement just equals the cost of the
trade sanction. Abatement costs are proportional to output and
to a polynomial function of the emissions control rate. The cost
function is calibrated to more detailed models such as those in
the Modeling Uncertainty Project model comparison study (20)
and has been robust through several revisions.

We can interpret the supportable policies as the strongest
incentive-compatible climate policy within the club. Policies
that have lower target carbon prices obviously have lower
abatement. Prices that are higher than the supportable carbon
prices induce countries to drop out of the club and therefore
have lower abatement. A further discussion of the parameters
and their sources are contained in SI Appendix, section II.

Modeling Results for Dynamic Aggregative Climate Club
Objectives of Climate Policy. The purpose of a climate club is to
design a structure that leads to the ultimate policy objectives.
We discuss two primary objectives. One is the cost–benefit
“optimum” from earlier runs of the DICE model. This run sta-
bilizes the global mean temperature at about 3 ˚C by the end of
the century. To attain the optimal path requires stabilizing
emissions at 30 to 40 billion tons of CO2 emissions per year by
mid–21st century depending on the damage function.

A second standard, adopted by countries and increasingly
used as a target in policy and analysis, is limiting temperature
changes to 2 ˚C above preindustrial levels, this being the “two-
degree limit.” The two-degree limit requires attaining zero net
greenhouse gas emissions around or shortly after mid–21st cen-
tury with negative emissions after that.

Each of these two approaches has arguments on its behalf.
Those points will not be reviewed here. Rather, the point is to
determine whether the climate compact will achieve either or
both objectives and under what conditions.

Assumptions in the Different Calculations. This section contains
the results of the TDICE modeling of the dynamics of climate
clubs. The parametric assumptions are contained in Table 1.
The table shows the assumptions for the “base parameters” of
no club (no international agreement) as well as three alterna-
tive policies from low policy to high policy. The policies reflect
both different penalties built into the club (in terms of the pen-
alty tariff rate) and rates of technological change (reflecting the
strength of technology policies). The last three rows show the
assumptions for the other major structural parameters. The
other parameters are not varied in the different policy runs.

Results for Base Parameters. Before presenting the numerical
projections, it must be emphasized that the estimates suggest a
greater precision than integrated assessment models can nor-
mally deliver. Unlike statistical estimates, simulation and

optimization models cannot easily calculate the SEs of esti-
mates or predictions. Models are for insights and not
exact answers.

We will begin with the results of the base parameters. These
can be interpreted as ones in which all parameters of the
TDICE model are at their base or most likely levels, with no
induced technological change or programs to speed the devel-
opment and introduction of low-carbon technologies. Fig. 1
shows the sustainable emissions with base parameters and with
alternative penalty tariff rates from 0 to 10%. This analysis
assumes that a uniform tariff of 10% is the maximum that is
consistent with maintaining the current world trade system. It
also sets aside issues of compatibility of the particular penalty
instrument with national laws and treaties.

The path associated with a 0% tariff is a baseline path with
rising emissions and shows the result of a free-riding equilib-
rium. The highest penalty tariff with base technology stabilizes
emissions at a little below 30 GtCO2/year, but it does not reach
zero emissions by 2060. This suggests that a climate club with
current technological change can achieve the cost–benefit opti-
mal path in the next half-century, but it cannot achieve the
more ambitious objective of the two-degree target.

Rapid Technological Change. The analysis in the first theoretical
analysis suggested that sustainable emissions reductions could
be more ambitious with more rapid technological change.
There are two possible routes for rapid change. One is to lower
the cost of substitute technologies. This is represented as lower-
ing the cost of the backstop technology.

Table 1. Assumptions on major parameters for TDICE model

Parameter or policy Base parameters Range of values Low policy Medium policy High policy

Uniform penalty tariff rate 0.0051% 0.0051–10% 5% 10% 10%
Fraction of world in club 50% 10–90% 50% 50% 50%
Technological features
Decline backstop cost per year 1.0% 1–4% 1.0% 2.0% 4.0%
Rate of decarbonization per year 1.5% 1.5–3.5% 1.5% 2.5% 3.5%

Structural parameters
Ratio national to global social cost of carbon 10% 5–10% 10% 10% 10%
Annual growth rate openness 1% 0–2% 1% 1% 1%
Welfare loss of tariffs, percent of national income at 10% tariff 0.40% No variation 0.40% 0.40% 0.40%
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Fig. 1. Sustainable CO2 emissions with base parameters and alternative
penalty tariffs. The paths show the time paths of sustainable emissions (or
maximum emissions reductions) that are incentive compatible for different
club penalties. The paths from top to bottom are penalty tariffs of 0, 2, 4,
6, 8, and 10%. The higher tariffs are compatible with stronger abatement
because the economic costs of the tariffs are higher; the value of belong-
ing to the club is therefore higher with the higher tariff. Other parameters
(such as technology policies, size of club, and openness) are at base values.
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The backstop technology is a set of technologies that can
produce zero net carbon emissions at minimum cost. For exam-
ple, it might be a combination of renewable technologies, mini-
mal fossil energy, and direct air capture that offsets any fossil
energy emissions. The estimate here is that the backstop tech-
nology is available by the mid–21st century at a cost of about
$500/tCO2 in 2020 US dollars. As discussed in SI Appendix, we
investigate the impact of policies that would lower the cost of
the backstop (substitute) technologies at 2% per year and 4%
per year. A lower cost of the backstop technology by about
30% would be virtually equivalent to a more rapid decline in
the cost of the backstop technology of 1 percentage point per
year. Additionally, the study investigates alternative rates of
decarbonization. The base rate is –1.5% per year. The two
alternatives are rates of �2.5 and �3.5% per year.

Fig. 2 and Table 2 compare the supportable policies with dif-
ferent policies and technological assumptions. The case with a
zero tariff and no technology is the standard DICE model with
base technological change and no climate club. Not surpris-
ingly, this shows continued growth in global emissions, reaching
59 GtCO2/year in 2050.

The second and third cases give roughly the same answer as
to supportable emissions. These are ones 1) with no club policy
and rapid technological improvement and 2) with strong club
policy and current technological improvement. Each of these
leads to slowing of emissions by the mid–21st century, 33 and
27 GtCO2/year in 2050. Both fall far short of zero net
emissions.

The final case is strong club policy with rapid technological
improvement. This policy shows rapid decline in emissions,
reaching zero net emissions by midcentury with �3 GtCO2/year
in 2050.

So, the simple conclusion here is that without either a strong
club or very rapid decarbonizing technology, emissions will sta-
bilize but not decline sharply. Either a strong club or rapid
decarbonizing technology will lead to slight declines in emis-
sions. Only a maximal effort to improve noncarbon technolo-
gies along with strong incentives to join an international agree-
ment can produce zero emissions by mid–21st century.

Impact of Club Size. An important issue is the impact of different
size clubs on the incentives to participate. For example, a small
club will have little leverage because the penalty tariffs will

have only a small economic impact on nonparticipants. Con-
versely, a large club that covers most countries will have maxi-
mal power to induce countries to participate.

A key question for the club is the potential for trade retalia-
tion. The problem is particularly severe for small clubs. If a sin-
gle small region creates a climate club, then other countries can
offset any penalties through actual or potential retaliation. On
the other hand, with large clubs, countries that are outside the
club will have little leverage to offset penalty tariffs, especially
if they are small and act individually.

The study in ref. 21 shows in a stylized model with trade
retaliation that the potential for a club-type system with trade
linkage depends upon the relative gains of trade and climate
abatement. It also shows that there is a tipping point in partici-
pation in which a threshold number of participants leads to the
full cooperative equilibrium. A recent empirical study (15)
explicitly models a club with a potential for retaliation but with
several differences from the current approach. In a simplified
analysis, they find a similar tipping result to ref. 21. Estimates
in ref. 15 show that a core club of the EU and United States
will induce other countries to join until all regions are in the
club. The intuition here is similar to Robert Keohane’s
“hegemonic stability,” in which a powerful country or group is
able to set standards for other countries, seen for example in
the Bretton Woods institutions. These results emphasize that
issues of retaliation are core issues that need to be dealt with
not only through providing incentives to join the club (through
a large club) but also through modifying trade agreements with
a set of “climate amendments” as described in ref. 1.

Assuming there is some threshold beyond which retaliation
is deterred, we can examine supportable policies for different
club sizes. The results are shown in SI Appendix, Fig. S1 for
2050 supportable carbon prices, for an assumed minimum sus-
tainable club size of one-third of emissions, and using strong
policies in Table 1. The results show that the sustainable price
rises sharply with larger clubs as is shown by the mathematics
in SI Appendix.

The strong incentive of large clubs is an encouraging feature,
suggesting that a core group of countries can start the process
rolling. This point is indeed the opposite of the current climate
negotiations in the Conferences of the Parties which are based
on the principle of unanimity. In terms of the club theory, the
current arrangement means that a single holdout can stymie a
coalition and leave the world stuck with the ineffective interna-
tional agreements of the last two decades.

Impact on Temperature. The TDICE model is not primarily
designed to project climate over the coming decades. However,
projections using the climate module in the DICE model find
that the strong club policy will have the effect of limiting tem-
perature increase over the coming century. The strongest poli-
cies and technologies will keep temperatures just within the
2 ˚C target. However, either weak club policies or current tech-
nological improvement is likely to lead global temperature
increase to the 3 to 3 1/2 ˚C range by 2100. Base technologies
and no policy would lead to slightly more than 4 ˚C in 2100,
with a continued rise after that. The results on global
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Table 2. Interaction technological policies and the climate club

Policy scenario Emissions, 2050 (GtCO2/y)

No policy, base technologies 59.4
No policy, strong technologies 32.6
Strong club, base technologies 26.5
Strong club, strong technologies �2.5
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temperature are shown in SI Appendix, Fig. S2. See the caveat
in SI Appendix on the trajectories for different targets.

Induced Innovation. Before concluding, it is important to empha-
size a critical shortcoming of the modeling here and in most
other integrated assessment models. Virtually all studies
assume that technological change is unaffected by climate poli-
cy—or, in technical terms, they assume exogenous technologi-
cal change. History and empirical studies show conclusively the
importance of prices and market size on the rate and direction
of technological change for standard goods and inputs (see
particularly refs. 22–24). However, with a tiny number of excep-
tions, implementing an empirically based strategy for introduc-
ing endogenous technological change has proved elusive.

Since part of the rationale for the climate club is to raise car-
bon prices and high carbon prices would be a strong incentive for
carbon-saving technological change, we can test for the impact
using results from earlier studies. Results from refs. 22–24 have
found that the emissions reduction from induced innovation is
about half of that of substitution at a 50- to 100-y time horizon. I
therefore implemented a simple two-stage procedure to test the
implications of this result. I ran the standard case for a penalty
tariff of 10%. I then calculated the impact on the rate of endogen-
ized decarbonization using the benchmark effect just described.
The result was an increase of the rate of decarbonization by about

1/2% per year. It reduced 2050 emissions from 26 to 20 gtCO2/y,
thus moving toward the zero-emissions target. The results of the
calculations are shown in SI Appendix, Table S1.

This estimate provides a hint at the role of carbon pricing
in promoting innovation and providing further incentives
toward strong climate policies. At the same time, it must be
emphasized that the empirical basis for estimating the magni-
tude of the boost to low-carbon innovation from higher carbon
prices is very sparse. Since the role of pricing in externality
markets is radically different from that in standard markets,
the impact on innovation in externality markets might be
much larger than that in standard markets (SI Appendix,
section III).

Data Availability. All study data are included in the article and/or SI Appendix.
The major results are produced by the TRICE model GAMS code, available at
the end of SI Appendix. The GAMS code can be run in the GAMS software
code or with somemodifications in R. The numerical results are available in an
output "put" file produced when running the program.

ACKNOWLEDGMENTS. W.N. is grateful for helpful comments from many
researchers and colleagues. Particular thanks go to Scott Barrett, who pio-
neered work on the economics of treaties and environmental agreements.
Others who made valuable suggestions were Ken Gillingham, Nathaniel Keo-
hane, Robert Keohane, Matt Kotchen, RobertMendelsohn, MartinWeitzman,
three reviewers, and the editor. All views and errors are the responsibility
ofW.N.

1. W. Nordhaus, Climate clubs: Overcoming free-riding in international climate policy.
Am. Econ. Rev. 105, 1339–1370 (2015).

2. M.Weitzman, Internalizing the climate externality: Can a uniform price commitment
help? Economics of Energy & Environmental Policy 4, 37–50 (2015).

3. S. Barrett, Self-enforcing international environmental agreements. Oxf. Econ. Pap.
46, 878–894 (1994).

4. S. Barrett, Environment and Statecraft: The Strategy of Environmental Treaty-Mak-
ing (Oxford University Press, Oxford, 2003).

5. C. Carraro, D. Siniscalco, Strategies for the international protection of the environ-
ment. J. Public Econ. 52, 309–328 (1993).

6. P. Chander, H. Tulkens, A core-theoretical solution for the design of cooperative
agreements on trans-frontier pollution. Int. Tax Public Finance 2, 279–294 (1995).

7. V. Bosetti, C. Carraro, E. DeCian, E. Massetti, M. Tavoni, Incentives and stability of inter-
national climate coalitions: An integrated assessment. Energy Policy55, 44–56 (2013).

8. K. Lessmann et al., The stability and effectiveness of climate coalitions. Environ.
Resour. Econ. 62, 811–836 (2015).

9. R. Keohane, D. Victor, Cooperation and discord in global climate policy. Nat. Clim.
Chang. 6, 570–575 (2016).

10. C. Gollier, J. Tirole, Negotiating effective institutions against climate change. Eco-
nomics of Energy & Environmental Policy 4, 5–28 (2015).

11. P. Cramton, A. Ockenfels, S. Stoft, “An international carbon-price commitment pro-
motes cooperation” inGlobal Carbon Pricing, P. Cramton, D. J. MacKay, A. Ockenfels,
S. Stoft, Eds. (TheMIT Press, 2017), pp. 221–241.

12. C. B€ohringer et al., The strategic value of carbon tariffs. Am. Econ. J. Econ. Policy 8,
28–51 (2016).

13. N. Keohane, A. Petsonk, A. Hanafi, Toward a club of carbon markets. Clim. Change
144, 81–95 (2017).

14. L. Paroussos et al., Climate clubs and the macro-economic benefits of international
cooperation on climate policy.Nat. Clim. Chang. 9, 542–546 (2019).

15. F. Farrokhi, A. Lashkaripour, Can Trade Policy Mitigate Climate Change? (Purdue,
2021).

16. S. Barrett, Choices in the climate commons. Science 362, 1217–1217 (2018).
17. T. Sandler, J. Tschirhart, The economic theory of clubs: An evaluative survey. J. Econ.

Lit. 18, 1481–1521 (1980).
18. W. Nordhaus, Climate change: The ultimate challenge for economics. Am. Econ. Rev.

109, 1991–2014 (2019).
19. W. Nordhaus, Projections and uncertainties about climate change in an era of mini-

mal climate policies.Am. Econ. J. Econ. Policy 10, 333–360 (2018).
20. K. Gillingham et al., Modeling uncertainty in integrated assessment of climate

change: A multimodel comparison. J. Assoc. Environ. Resour. Econ. 5, 791–826
(2018).

21. S. Barrett, A. Dannenberg, The decision to link trade agreements to the supply of
global public goods. J. Assoc. Environ. Resour. 10.1086/716902 (2021).

22. D. Popp, Induced innovation and energy prices. Am. Econ. Rev. 92, 160–180
(2002).

23. D. Popp, ENTICE: Endogenous technological change in the DICE model of global
warming. J. Environ. Econ.Manage. 48, 742–768 (2004).

24. W. D. Nordhaus, “Modeling induced innovation in climate-change policy” in Techno-
logical Change and the Environment, A. Gr€ubler, N. Nakicenovic, W. D. Nordhaus,
Eds. (Routledge, 2010), pp. 188–215.

6 of 6 j PNAS Nordhaus
https://doi.org/10.1073/pnas.2109988118 Dynamic climate clubs: On the effectiveness of incentives in global climate agreements

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
22

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109988118/-/DCSupplemental
https://doi.org/10.1086/716902

