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1. Introduction

Carbon dioxide emissions are a byproduct of processes people employ to supply services like
heating, lighting, and motive power. In every case, these processes combine a fuel with a
technology: coal and the steam engine; gasoline and the internal combustion engine; natural gas
and combined cycle power plants; coke and blast furnaces for steel-making; and so on. Often,
these technology-fuel pairings are rooted in broader systems. For example, automobile transport
requires not only cars and gasoline but roads and refueling stations. Most of the technology-fuel
systems in place now were developed without a thought being given to their consequences for

climate change. To reduce emissions, they need to change; but how?

To climate negotiators, the answer has always been obvious: just ask countries to reduce their
emissions. Implicit in this “direct” approach to limiting emissions is the belief that, once countries
are compelled to cut their emissions, technologies and fuels will adjust efficiently. For the most
part, economists have accepted this logic. However, though the direct approach is efficient when

the emission reduction goal is modest, it may not be when the goal is radical change.!

Today’s technology-fuel systems are entrenched. They embody a long history of investment,
innovation, learning-by-doing, economies of scale, and, in some cases, network effects.
Reinforcing these advantages, firms with a history of innovating in “dirty” technologies tend to

continue to innovate in these technologies rather than in “clean” alternatives (Aghion et al

! The carbon pricing arrangements adopted thus far have had modest effects compared with the new benchmark of
“net-zero” emissions. British Columbia’s celebrated carbon tax reduced emissions in transportation, but not
aggregate emissions (Pretis 2022). Carbon taxes adopted by 15 Europe countries from as early as 1990 reduced
cumulative emissions (mainly in sectors not covered by the Emissions Trading System) by only about five percent
(Metcalf and Stock 2023). The European Union’s ETS reduced emissions by less than four percent over the period
2008-2016 (Bayer and Aklin 2020); by about 10 percent in four EU countries over the period 2005-2012
(Dechezleprétre et al. 2023); and by about 15 percent in manufacturing over the years 2005-2012 (Colmer et al.
2024). The Kyoto Protocol reduced emissions in Annex | countries by seven percent, but taking into account trade
leakage, Aichele and Felbermayr (2012: 336) find that the treaty “has had at best no effect on world-wide emissions.”
Colmer et al. (2024) find no evidence of leakage, but trade-sensitive sectors have been protected under the ETS,
either by being excluded or given free allocations of allowances.



2016).2 There may even be political resistance to change.? All of these features give rise to, or are
expressions of, “lock-in,” conditions that make it difficult for a new technology-fuel-system to
overturn the status quo (Unruh 2000; Jaffe et al. 2005; Seto et al. 2016; Fouquet 2016). Under
conditions of lock-in, the policies economists normally recommend will reduce emissions, but
they may fail to replace the existing technology-fuel system with a new one. That is, they may fail

to achieve “transformational change.”*

Another difficulty with the usual remedy is that, being a global public good, reductions in
greenhouse gas emissions are prone to free riding. The climate treaties negotiated so far specify
targets and timetables (of varying degrees of specificity) for limiting each party’s economy-wide
emissions, a direct approach that succeeds only if the limits can be enforced. The Kyoto Protocol
collapsed for lack of enforcement. The Paris Agreement avoids this fate by relying on voluntarism,
but voluntary action is unlikely to support substantial emission reductions (Barrett and
Dannenberg 2016). The record of these agreements speaks for itself: beginning with the
Framework Convention in 1992, all the world’s countries have declared that atmospheric
concentrations of greenhouse gases must be stabilized, and yet, in the years since then,
concentrations have steadily increased. Indeed, emissions are still increasing. Perhaps worst of
all, a fossil-fuel-dependent capital infrastructure continues to accrete, making the reduction in

emissions in the future even more difficult (see, for example, Hawkins-Pierot and Wagner 2022).

With “dangerous” climate change looming, negotiators are now pledging to achieve “net zero”
emissions by a future date like 2050, a goal that can only be met by “transformational change.”
The contrast with the Kyoto Protocol is striking. Kyoto aimed to reduce the emissions of a subset

of countries by just five percent, and still it failed. Because nothing was achieved before, more

2 Arthur (2009) ascribes a psychological explanation for this behavior. “The old principle,” he says, “lives on because
practitioners are not comfortable with the vision—and promise—of the new” (Arthur 2009: 139).

3 Meng and Rode (2019) find that, dollar for dollar, lobbying by firms that expect to lose from ambitious climate
legislation is more effective than lobbying by firms that expect to gain from it.

4 van der Ploeg and Venables (2022) make a similar point. Their analysis incorporates peer effects among households
in addition to technological externalities, but ignores free riding. In their model, tipping is achieved by a temporary
tax on a dirty good (in addition to a Pigouvian tax) sufficient to shift an economy to the “clean” equilibrium.



must be achieved now. But how can we achieve more now when we couldn’t achieve even

modest emission reductions before?

One suggestion is to augment the approach tried before by linking cooperation on trade to
cooperation in reducing emissions. William Nordhaus (2015) has shown that an agreement to
impose a carbon tax can be enforced by a “club” of countries that makes their cooperation on
trade contingent on others’ cooperating on climate change. However, his calculations show that
this only works for a carbon tax less than $50/tCO,, a value below even today’s social cost of
carbon and certainly too low to bring about zero emissions (Geoffrey Heal 2022). Moreover, by
assuming that countries outside the club won’t retaliate, Nordhaus likely overstates the set of
circumstances that allow linkage to be effective (Barrett and Astrid Dannenberg 2022). In a
follow-up paper, Nordhaus (2021) shows that, with enough technical progress, trade linkage can
achieve zero emissions. This is an important insight, but technical change in his model is
exogenous. What will bring about the “rapid technological change” needed to make linkage

effective?

In this paper | construct a framework for the design of a system of treaties aimed at reducing
emissions substantially if not to zero in particular sectors. Rather than limit climate change
directly, | propose addressing it strategically by changing the technology-fuel system that
produces emissions as a waste product, supported, where appropriate, by trade and R&D policies
targeted at particular technologies. The direct approach, | show, forces countries to play a
prisoners’ dilemma. By contrast, if increasing returns are sufficiently strong, technology switching
becomes a coordination or tipping game. The advantage of the strategic approach is that it is able
to sustain the cooperative outcome of the switching game as a Nash equilibrium. Enforcement is

“built in.” A treaty is needed only to coordinate switching.

| begin by modeling the classic emission reduction game, a prisoners’ dilemma, and the
technology-fuel switching game, a coordination or tipping game if increasing returns are

sufficiently strong. In section 4 | describe conditions that allow switching by one or a few first



movers to trigger a cascade of switching by other countries, and in section 5 | show that, where
this kind of “spontaneous” tipping is unreliable, a treaty can assure selection of the superior
equilibrium by pushing participation past the tipping point. In sections 6-8 | show that, by linking
cooperation on trade to switching, countries can amplify the returns to switching, but that a
weaker form of linkage is preferable if linkage is to be attempted unilaterally rather than
multilaterally. In section 9 | show that strategic R&D has a similar effect as trade linkage. Echoing
Nordhaus (2021), in section 10 | show how both policies combined can be more powerful still. |

conclude by discussing the implications for climate negotiations.

2. The emission reductions game

Assume a world of n symmetric countries, each of which must choose between two different
technologies. The installed technology is A. The alternative technology is B. Both technologies
are equally good at providing a valued service, such as heating, cooling, or transportation, but
use of A results in greenhouse gas emissions and B is a low- or even zero-emissions technology.
In this section | consider emission reductions when countries use A, the status quo technology.

In the next section | consider the decision to switch to B.

Using A, country i’s emissions for a given sector are

E; = Eoe_fi/ﬁ' (D

where 7; can be interpreted as i’s carbon tax, and E,, i’s emissions in the absence of abatement.®

Setting E; = 1 and rewriting gives

7; = —BIn(E)). (2)

5 1; can equally be interpreted as i’s emissions trading equilibrium price or its marginal cost of emissions control
regulation.



Facing this tax, A-users will reduce their emissions to the level at which t; = MC;, where M(;
stands for marginal abatement cost. Substituting and then differentiating gives
dMC;/dE; = — B/E;.Marginal cost is thus decreasing in emissions (increasing in abatement) for
E; € (0, 1]. Note that, as my model is static, it’s best to think of MC; as long run marginal cost,
incorporating technical change induced by the policy. Calel and Dechezleprétre (2016), for
example, estimate that the European Union Emissions Trading System increased “low-carbon”
innovation among regulated firms by up to 10 percent. Later | examine policies that promote

R&D directly and in a targeted way.

The total cost of limiting emissions to E; is

TC(E;) = —ﬁfl

. lnEidEl' . (3)

E;
Integrating by parts and evaluating the integral gives

Obviously, TC;(1) = 0. Applying L'Hopital’s rule, lim E;InE; =0, and so I%in%) TC(E;) = B. The
E;—0 i~

parameter 8 thus represents the cost of eliminating country i’s emissions using technology A.

Denote country i’s social cost of carbon by y. By the assumption of symmetry, the global social

cost of carbon is, thus, yn. ¢ Country i’s payoff is

nf(E;E-) =yv[A—E)+ (n—1—E_)] - B[1 - E;(1—InE))], (5)

5 For estimates of the national and global social cost of carbon, see Nordhaus (2017) and Ricke et al. (2018).



where E_; = Y7, E;. It is easy to confirm that 7/ (1;n — 1) = 0 and lim nf(E; 0) = yn — B.

Maximizing gives the symmetric Nash equilibrium, Ef; = e V/B, Upon substituting,
mip =yn(1—eVB)—p[1—e VB +y/B)]. (6a)
By cooperating fully, countries get
nhc =yn(1—e"VE) = B[1— e E(1 +yn/B)] (6b)

Economists normally recommend that countries impose a carbon tax equal to yn—or,
equivalently, that they limit their emissions to Ef, = e Y"/B_ This approach, however, runs
headlong into the prisoners’ dilemma. Figure 1a, which is inspired by Schelling (1978), shows the
payoff to every country i as determined both by whether i emits E#- or Efj; and by the number
of other countries that emit Ef, rather than E{j, represented by m;m € {0,1,...,n — 1}. As

shown in the figure, free riding is a dominant strategy in the A game.’

71t is easy to confirm that this is true fory > 0 and n > 1.



Figure 1. Emission Reduction and Technology Switching Games Under Constant Returns
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3. The switching game

A different way to reduce emissions is to orchestrate a switch from A to a new technology-fuel
combination. There may be several alternatives to A, and it may not be obvious which is best.?
Here, for simplicity, | assume that the most attractive alternative, B, has been identified, and
results in zero emissions. Lock-in confers an advantage to A, but B may be subject to increasing

returns. To bring about a switch, B’s advantages need to be leveraged.

& For example, will the car of the future be all-electric, or will it run on hydrogen or synthetic fuels? If the answer is
unclear, competition among the alternatives may mean that none displaces the status quo even if welfare would be
improved were any of them to displace the status quo (Postrel 1990). Even in a centralized setting, if technologies
are improving over time and their future prospects are uncertain, an inferior technology may be chosen (Cowan
1991). Jaffe, Newell, and Stavins (2005: 171) argue that, “to avoid accidentally helping to entrench the wrong
technology, it is desirable for policy to be ‘technology neutral,’ encouraging all efforts that achieve specified
objectives without focusing on a particular approach.” | would only add the qualification that one of these objectives
should be the need to transform the prisoners’ dilemma into a tipping game.



Numerous possibilities for switching have emerged in recent years. A simple switch would
replace sulfur hexafluoride circuit breakers used in today’s medium-voltage electrical switchgear
with newly developed vacuum breakers that employ a mixture of nitrogen and oxygen (of these
gases, only sulfur hexafluoride is a greenhouse gas). Similarly, carbon anodes (made from a mix
of petroleum coke and coal tar) used in aluminum smelting today could be replaced with inert
anodes, eliminating the emissions of both CO; and perfluorocarbons, another powerful
greenhouse gas. Switching in these two cases is easy as the substitute technologies can be
“dropped in.” In other sectors, switching requires bigger changes. For example, in transportation,
gasoline-powered automobiles could be replaced with battery-electric cars, diesel trucks with
hydrogen-powered fuel cells, and heavy fuel oil container ships with ammonia-powered engines,
but all of these changes require a new supporting infrastructure: for cars and small trucks, a
network of recharging stations, supplied with zero-emission electricity; for long-haul trucks, a
network of hydrogen refueling stations offering emission-free, “green” hydrogen; and, for

shipping, new engines and fueling stations supplying “green” ammonia.
Continue to assume that all countries are symmetric. Let k denote the number of other countries,
from any country’s perspective, that switch from A to B (n — k is thus the number of other
countries that don’t switch). By switching i gets

f=yn—-k-D(1-e?"B)+yk+1) —C(n-afk)/n; (7a)
and by not switching i gets

nt =y(n—k)(1—e?F)+yk—p[1— e F(1-neF)[(n+a’k)/n, ()

where the parameter C denotes the cost to i of replacing A with B if no other countries switch,

and a? and a® reflect the returns globally to adopting A and B, respectively.® Positive values for

° Note that country i’s cost of switching, C (n — a®k)/n, can be interpreted as depending either on the number of
countries that switched prior to i’s decision, as assumed by Arthur (1989), or the number of switchers at a given
time. Under the first interpretation, i’s switching costs are unaffected by whether others switch subsequently, as



A

a? and af indicate increasing returns, negative values decreasing returns, and zero values

constant returns. Initially, k = 0, making (7b) identical to (6a).

With constant returns, switching, like emission reductions, is a prisoners’ dilemma. If switching
doesn’t pay, as in Figure 1b, countries can do no better collectively than to set their tax equal to
the global social cost of carbon. As before, doing this reduces the emissions from employing A,
but cannot be supported as an equilibrium. If switching pays, as in Figure 1c, the switch to B can
be achieved either by direct command or by countries setting their tax equal to the global social
cost of carbon. However, neither policy can be sustained as an equilibrium. With constant

returns, there is no strategic advantage to switching.

With increasing returns, the cost of switching by every country falls as more others switch.® The
natural interpretation is that this reduction in cost is driven by economies of scale and learning
(as the model lacks a time dimension, learning is captured by k, rather than cumulative
production over time). Henceforth, | assume n/(n — 1) >a® > 0. Adoption of B is costly but

exhibits increasing returns.

Technology A may also exhibit increasing returns. However, because A is entrenched, a? will
likely be smaller than a®. For example, the cost of deploying A today reflects a long history of

innovation and learning by doing, whereas for B savings from such processes have yet to realized.

The deterrent to switching by first-movers is the cost, C, which can be high. For example, the
Norwegian Parliament has decreed that, by 2025, all new cars sold in the country must be zero

emission. To promote the switch to electric cars, Norway has offered various sweeteners,

would be the case if switching entailed only an up-front cost that, once incurred, was sunk. In this case, the only
strategic incentive to switch is to impel others to switch subsequently, thereby increasing supply of the global public
good (a benefit that does not appear in Arthur’s model). Under the second interpretation, switching entails a
recurring cost, providing an additional incentive to switch—early switchers cause more others to switch, which, in
turn, reduces the early movers’ future costs of using A.

10 Heal (1994) was first to examine the prospects of cooperation among countries due to interdependence in the
costs, and not only the benefits, of reducing emissions.



estimated to cost about €1,370/tCO; (Fridstrgm 2021), many times most estimates of the global
social cost of carbon, let alone the national one. According to a recent analysis (Allcott et al.:
2024), electric vehicle tax credits under the United States Inflation Reduction Act yield a return
of $1.02 per dollar of public funds assuming the domestic social cost of carbon and $1.20 per
dollar assuming the global social cost of carbon. This is more encouraging, but unlike the
Norwegian law, the IRA does not have an end-goal. Indeed, at year-end 2024, electric vehicles
comprised less than ten percent of new car sales in the US (in Norway, the comparable figure is
nearly 90 percent).!! Also, the “industrial policy” requirements for vehicle assembly and (the
sourcing of materials for and the manufacture of) batteries limit take up of the program, and

could spur retaliation by other countries.

From egs. (7a) and (7b), i will switch iff k > k, where k is the solution to {1 (k) = n8 (k):

- C—p(1—e/F) .
S CaB/n+B[l—eVBA+y/Bla‘r/n’ (8)

The numerator of (8) is i’s net cost to switching if no others have switched (k = 0). The
denominator is the reduction in this net cost for every increase in k. Country i should switch iff
the reduction in cost due to increasing returns exceeds the net cost of switching. For example, if
the RHS of (8) were equal to 0.5n it would pay i to switch iff at least a majority of countries

switched (or were expected to switch).

Figure 2 compares emission reductions in the A game (Figure 2a) to switching to B under
increasing returns. In Figure 2b, the payoff to switching rises steeply due to increasing returns,
crossing the payoff to reducing emissions using A in the figure’s interior. However, starting from
the status quo ante in which all countries play A, switching by any country unilaterally is risky. If

few others switch, the first countries to switch could lose big-time. Even unilateral adoption of a

11 The subsidy induces additional sales in electric vehicles, but a higher subsidy, accompanied by an extensive
recharging infrastructure, would be required to induce yet higher sales. Finally, the goal of zero emissions requires
changing the generation of electricity. (Norway has abundant hydropower.)

10



tax equal to the global social cost of carbon may fail to induce a switch. Once k other countries
have switched, or are expected to switch, each country has an incentive to switch, whether
directly by the adoption of a technology standard or as a consequence of adopting a tax equal to
the global social cost of carbon.?? However, because the tipping point for switching lies to the
right of the mid-point of the horizontal axis, (n — 1)/2, the strategy of sticking with A is risk-
dominant. For this reason, it can’t be assumed that countries, acting independently, will risk going
for the payoff-dominant equilibrium in which all switch. Relative to the efficient outcome, there

may be “excess inertia” (Farrell and Klemperer 2007).

Figure 2. Emission Reduction and Technology Switching Games Under Increasing Returns
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12 Notice that, to bring about a switch in Figure 2b, the number of countries imposing a carbon tax equal to the global
social cost of carbon would have to be at least k, the same tipping point as for adoption of a standard mandating a
switch to B. If only k countries imposed such a tax, with k € [0, E), the other countries would be better off imposing
a tax equal to their national social cost of carbon and not switching. Hence, in my framework, adoption of a carbon
tax equal to the global social cost of carbon has no obvious advantage over adoption of a technology standard.

11



In Figure 2c, a4 is relatively large, perhaps due to a network externality in technology adoption.
As a result, the payoff to sticking with A decreases as more countries switch to B. As before,
countries may be reluctant to switch unilaterally. But, in this case, they may also hesitate to
switch collectively. Though the switching equilibrium is welfare-superior to the Nash equilibrium
in the emission reduction game, the full cooperative payoff in the B game is lower than in the A
game (nZ, < mf.). In the experimental lab, Astrid Dannenberg and | have found that, under
similar conditions, players often fail to switch even though they would very likely have been

better off if they had switched (Barrett and Dannenberg 2017).

To summarize:

Proposition 1 (emission reductions versus switching). If there are constant returns to switching,
the switching game, like the emission reductions game, is a prisoners’ dilemma. If increasing
returns are sufficiently strong, switching is a tipping game. If, in addition, the payoff dominant
Nash equilibrium of the tipping game is strictly preferred to the Nash equilibrium in the emission
reduction game, countries will do better by switching, but only so long as they are sure to land on
this superior equilibrium. Moreover, this is true even if imposition of a carbon tax equal to the

global social cost of carbon supports an outcome that is mutually preferred to universal switching.
4. Switching cascades

If countries are symmetric, universal switching is the unique Nash equilibrium iff k < 1. If k > 1,

universal switching requires coordination. As a general matter, universal switching becomes less

of a sure thing the higher is k.

Asymmetries create more interesting possibilities. Suppose that countries are asymmetric in a

very precise way. In particular, suppose that country i’s social cost of carbon is given by

yi =yivie{l,..n}. 9

12



In other words, countries are identified by an index that reflects their national social cost of
carbon. Country 1 has the smallest value, country 2 the second smallest, and so on, with country
n having the highest national social cost of carbon. By (9), the global social cost of carbon is now
Yie1Yi = yn(n+1)/2, where y = y;. Assuming that countries remain symmetric as regards

costs, country i has an incentive to switch unilaterally if 2 (0) > n#(0), or

yi>—ﬁ-ln<1—%). (10)

Recall that A, the installed technology, is poorly suited to achieving zero emissions, whereas B is
especially attractive for reaching this goal. As  is the cost of eliminating emissions (in the limit)

using A, it seems reasonable to assume > C, making the right-hand side of (10) positive.

We know from (9) that if any country has an incentive to switch unilaterally, it will pay country n
to switch unilaterally. Once any country or group of countries switches, the incentive for others
to switch increases, provided there are increasing returns. Country i will switch if niB n—-1i)>

w2 (n — i). Upon substituting, this condition can be written as:
L

vie VP > C —B[1—e B +y,/B)]
—{CaP (n—D)/n+B[1—e "B +y;/B)]a? (n—i)/n}. (11D
The term on the top line of (11) is identical to (10). This is the condition that makes i want to

switch unilaterally. The term on the bottom line is the effect of switching by n — i othersoni’s

incentive to switch, reflected in a reduction in the cost of switching.
It is easy to see how switching can be a Nash equilibrium. At a minimum we require that (10) hold

fori = n and that (11) hold fori = 1,...,n — 1. Dixit (2003) shows how switching (to use my

terminology) can be the unique Nash equilibrium of either the simultaneous-move game or a

13



sequential-move game. In the latter case, we can think of switching as triggering a cascade, with
early switchers causing more countries to switch, with these switchers causing yet more to
switch, and so on, until, finally, all countries have switched.'?® “Events” that could start a cascade

include a discovery that y is larger, or C smaller, than previously expected.

Proposition 2 (switching cascades): With increasing returns to switching, asymmetries among
countries can make universal switching the unique Nash equilibrium even if the vast majority of

countries have no incentive to switch unilaterally.

A striking example is the global switch from leaded to unleaded petrol combined with a catalytic
converter. Beginning in the 1920s, lead was added to gasoline to raise octane and thus improve
engine performance. Japan began regulating the lead content of petrol in the early 1970s with
the aim of limiting public exposure to this toxic metal. Soon afterwards, the United States
regulated lead in gasoline for a different reason. The US required that new cars be fitted with a
catalytic converter to reduce emissions of carbon monoxide, hydrocarbons, and nitrogen oxides,
and only required that new cars be run on unleaded gasoline because lead destroys the catalysts
used in these devices. Though Japan and the US initially regulated lead for different reasons, their
policies converged over time. Japan, a major exporter of automobiles to the US, adopted the US
auto emissions standards, and the US, concerned about the public health consequences of

continued use of leaded gasoline by older cars, regulated the lead content of gasoline directly.

Concurrent with these developments, other countries adopted their own regulations. Eventually,
increasing returns set in, reinforcing the public health motivations for switching. Early movers

paid the fixed costs of learning how to substitute for lead, how to modify engines to

13 As also shown by Dixit (2003), the equilibrium in which every country adopts B may make some countries worse
off relative to the status quo ante in which all adopt A. Indeed, a universal switch to B, supported as a Nash
equilibrium, can lower the collective payoff of all n countries, even as it raises the payoff of some countries. In such
a case, a treaty could potentially preserve the higher aggregate payoff if the countries that prefer A to B cooperated
to pay the countries that prefer B to A not to switch. See also Heal and Kunreuther (2010) for an analysis of tipping
sets in coordination games, inclusive of cascades. Heal and Kunreuther (2017) apply this logic to climate change.

14



accommodate both the reformulated gasoline and the catalytic converter, and how to improve
the converter itself. Though substituting for lead is costly (about one cent per liter), due to
economies of scale in petroleum refining, spot prices of unleaded gasoline fell below those of
leaded gasoline in some markets (Lovei 1996: 12). Gasoline exporters like Sudan switched when
export markets for leaded petrol dried up. Gasoline importers switched when foreign suppliers
stopped making leaded petrol. Due to economies of scale in automobile manufacturing, cars not
fitted with catalytic converters became more expensive than the new kind (Lovei 1996: 29).
Network effects were also important. For example, in Hungary, gasoline stations began selling
unleaded petrol before being made to do so by law, “to supply the increasing number of Western

European tourists visiting the country by cars that required unleaded fuel” (Lovei 1996: 30).

Start-to-finish, the process of banning lead in gasoline worldwide took 35 years (50 years, starting
from Japan’s first move to limit lead content). Japan got the ball rolling, banning lead in gasoline
in 1986. Algeria came in last, switching to unleaded only in 2021; see Figure 3. The global switch
was achieved without the help of a treaty.!* A treaty wasn’t needed, because the public policy
aim of the ban was local environmental protection, not supply of a global public good. However,
the same force that powered this cascade could help supply a global public good: increasing

returns (Heal 1994; Heal and Kunreuther 2017).

14 Common standards can be a boon for trade; Schmidt and Steingress (2022) estimate that harmonized standards
have increased global trade by as much as 13 percent. It is for this reason that two international agreements promote
harmonization in cars, one adopted in 1958 and the other in 1998. However, vehicle emission standards still vary
somewhat. For example, the EU sets different emission standards for diesel and petrol vehicles, and the United
States does not. And, yet, many countries adopt the same standards as their main trading partners, just as many
manufacturers adopt designs that meet the most stringent standards in the markets they supply.

15



Figure 3: The Global Switch to Unleaded Petrol
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Source: Online appendix (to be prepared).

Another cascade may be underway now. The European Union phased out energy-inefficient
incandescent bulbs in 2012 and halogen bulbs in 2018, and the United States followed by phasing
out both kinds of bulbs in 2023. Compact fluorescent bulbs, though more energy efficient than
incandescent and halogen bulbs, contain mercury, a toxic heavy metal. Due to mercury’s
persistence and potential to be transported by air and sea, compact fluorescent bulbs are to be
phased out by 2025 under a 2022 amendment to the Minamata Convention on Mercury, which
currently has 152 parties, including major economies like Brazil, China, the European Union,
India, Japan, and the United States. The effect of all these moves is to create a new standard: the
light-emitting diode (LED) lightbulb. LEDs are much more energy efficient than ones being phased
out. They also have a longer life and, being a solid-state technology, can function in new ways.

Indeed, the economic and technical advantages of solid-state lighting are so attractive that even
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the major producers of traditional lighting have made the transition to LEDs (Walsh Sanderson

and Simons 2014).%°

Might a cascade also drive a switch to electric vehicles? In just the last couple of years, countries
like Canada, China, the European Union, Iceland, India, Japan, Singapore, South Korea, and the
United Kingdom (in addition to states like California) have proposed or adopted laws either
banning the sale of new cars powered by fossil fuels or requiring that new vehicles be zero-
emission by some date, usually 2035. It’s possible that increasing returns alone will bring about
a cascade of switching worldwide, but as the impetus for banning fossil fuel vehicles is mainly to
supply the global public good of limiting climate change, a treaty may be needed to effectuate a
global switch. For other sectors also, the potential for switching is latent, and may go unnoticed
so long as the focus remains on reducing national emissions and the adoption of instruments like

carbon pricing.

5. Switching treaties

How could a treaty bring about a global switch? Consider the following game:

Stage 1: All countries decide whether to join a switching treaty.

Stage 2: Parties to the treaty decide collectively whether to switch.

Stage 3: Non-parties decide independently whether to switch.

In this model, parties have a slight edge over non-parties. In Stage 2, parties commit to collective

action, whereas in Stage 3 non-parties act independently, taking the choices of parties as given.

Cooperation in a treaty is a deliberate act, and the principle of customary international law

15 The new bulbs won’t only replace less efficient bulbs; they will also find new uses. Eventually, they will be
integrated into the fabric of technology more generally.
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known as pacta sunt servanda (“agreements must be kept”) requires that countries take their
treaty obligations seriously. However, the “commitment” in this model is modest, as

international law also allows states to join or withdraw from a treaty as they please (Stage 1).1

The game is solved backwards. Assume again that countries are symmetric. For the situation
depicted in Fig. 1b, non-parties switch for sure in Stage 3 if and only if k > k, where k is the
tipping point for switching, given by (8). Knowing this, parties switch in Stage 2 iff k > k. Finally,
in Stage 1, every country cannot do better except by joining. The self-enforcing treaty sustains
full cooperation by requiring that parties switch, with the treaty entering into force if and only if
signed (and ratified) by at least k countries, where k represents the smallest integer greater than

or equal to k.

It may make sense to require as well that parties be no worse off collectively for forming the

treaty than for not forming it. Let k* be the solution to w2 (k) = m#p:

_C- ﬁ(l — e—y/ﬁ) + ye v/

k+
CaB/n+ye VB

(12)

If we adopt this second condition, the minimum participation level for the treaty must be at least
as large as max {E, lvc}, where k denotes the smallest integer greater than or equal to k™. For the
example shown in Figure 2c, where nB(Tc) < mfy, choice of k for the minimum participation

level might seem more compelling than k.

Increasing returns are critical for switching to be a tipping game. Recall that, with constant
returns to the adoption of both technologies (a4 = a® = 0), switching is a prisoners’ dilemma.

A treaty may still help, but it probably won’t be able to sustain the full cooperative outcome. To

16 Canada became a party to the Kyoto Protocol but withdrew once it became clear that it would not comply with
the agreement. If Canada had remained in the treaty, its non-compliance would have violated international law. By
leaving, Canada avoided its legal responsibility to comply.
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see this, note that, with constant returns, parties to the treaty are unable to influence how non-
parties choose in Stage 3. In Stage 2, switching pays for each party if and only if at least k
countries participate in the treaty. In Stage 1, each country is no worse off for signing the treaty
if fewer than k — 1 others have signed it, each gains by signing it if exactly k — 1 others have
signed it, and each loses by signing it if k or more others have signed it. In equilibrium, therefore,
precisely k countries sign the agreement, causing it to enter into force. The k signatories switch
to B; the n — k non-signatories stick with A. This is a game of chicken. Signatories gain a little
compared to the non-cooperative outcome; non-signatories free ride and gain more—a standard

result in the literature on international environmental agreements.'’

Proposition 3 (switching treaties): Under constant or weakly increasing returns, a treaty can
sustain switching by only a subset of countries. If increasing returns are sufficiently strong, making
switching a tipping game, a tipping treaty can assure selection of the payoff dominant Nash

equilibrium, resulting in universal switching.
6. Switching with trade linkage

Suppose increasing returns on their own are insufficient to make switching a tipping game.!® Can

linking trade cooperation to switching help?

Trade is bilateral. In its trade relations with country j, i chooses a policy, tl.j, taking j’s choice, tji,

as given. Assume that this choice is binary; every country i chooses tij € {0,t},t > 0, where t can

17 For surveys of this literature, see Finus (2001), Wagner (2001), Barrett (2003), and de Zeeuw (2015). Note that, if
increasing returns are uncertain, it is also possible that, in equilibrium, only a fraction of countries will switch. In the
online appendix | show that, if switching is a tipping game in expectation, one group of countries will move first, and
the others “wait” until information about the increasing returns parameter has been revealed. If increasing returns
turn out to be at least as strong as expected ex ante, the others will follow, and switching will be universal. However,
if increasing returns turn out to be weaker than expected ex ante, the other countries may not follow. In this case,
if switching entails a sunk cost, the first movers will be disappointed that their gamble didn’t pay off, and yet they
may still be better off than if they hadn’t switched in the first place because they switched en masse, supplying a
significant amount of the global public good.

18 The arguments developed here also apply if it is uncertain ex ante whether switching is a prisoners’ dilemma or a
coordination game.
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be interpreted either as a tariff or, since a very high tariff chokes off imports, as a ban on imports

from the relevant sector (a ban is the more natural interpretation for technology switching).

In their trade relations, countries face a terms of trade prisoners’ dilemma (WTO 2009; Bagwell
and Staiger 2011): taking the trade policies of other countries as given, each has an incentive to
put a tariff on imports, so as to shift the terms of trade in its favor; and, yet, if all countries do

this, all will be worse off than if they cooperated and maintained free trade. Rather than model
trade explicitly, let parameters represent the gains from trade. Assume nij(t; 0) =a, nij(O; 0) =

b,nij(t; t) =c¢, and nij(O; t) =d,with a > b > c > d > 0. Under the rules of the World Trade
Organization, all WTO members refrain from imposing trade measures against other members,
an outcome that is enforced by the threat of retaliation (reciprocity). Such an outcome can be
shown to be an equilibrium of a simple game of trade cooperation (Barrett and Dannenberg
2022). Here | take the free trade equilibrium under an international trade agreement as given,
and examine the incentive a subset of countries may have to make trade cooperation conditional

on supply of the global public good. Nordhaus (2015) calls coalitions of this kind “climate clubs.”

Let k denote the number of other countries, from any country’s perspective, that both switch to
B and restrict trade with non-switchers (n — k is thus the number of countries that stick with A

and retaliate against the switchers who restrict trade). To which group should country i belong?
Letting k denote the solution to w2 (k) = m#(k), it is rational for i to join the switchers/linkers

iff k > ]:(, where (see Appendix)

B C—-B(1—e?B)+(n—-1)(b-c) 13
CCaB/n+B[l—eVBA+y/Blat/n+2(b—c) (13)

bl

Linkage helps because it exhibits increasing returns. As more countries link, the incentive for the
others to link increases. A limiting case is where there are constant returns to scale. Then (14)

becomes
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c-B(1—e?B) (n-1)
at,aB-o 2(b—c¢) + 2

, (14)
which is equivalent to the tipping point shown Barrett and Dannenberg (2022, eq. (1)). Eq. (14)
shows that, depending on parameter values, linkage on its own may suffice to transform the
prisoners’ dilemma in switching into a tipping game.!® However, the combination of increasing

returns to switching and trade linkage will generally succeed better.

If there are increasing returns, trade linkage makes switching less attractive when relatively few

countries switch, and more attractive when relatively many countries switch. From (8) and (13),

> >
(nz—l) lf]; = (nz—l), (153)

bl
Il

ok 2  :S@-D
sgna(b_c); if ; >

(15b)

From eq. (15a), if the tipping point without linkage is greater (less) than the mid-point of the
Schelling figure, (n — 1) /2, then the tipping point with linkage will also be greater (less) than the
mid-point.2° From eq. (15b), if, without linkage, the tipping point lies to the left (right) of the mid-

point, an increase in the gains from trade cooperation will increase (decrease) the tipping point.

19 Having a coordination game requires k < (n — 1). Substituting gives C — ﬁ(l — e‘y/ﬁ) <(n—1b—-c) In
words: when all other countries switch/link, the “last” country is better off switching/linking provided the gains to
enjoying free trade relations with all the others exceeds the gains to free riding.

20 T see why, suppose k = (n — 1) /2. Then country i’s decision of whether or not to switch will be unaffected by
linkage. For if i switches, it will have free trade relations with half of the other countries (the switchers) and be in
trade-conflict with the other half (the non-switchers); and if i doesn’t switch, it will face the same situation, only

with the identities of these two camps being reversed. Hence, k = (n — 1)/2 < k = (n — 1)/2. With this as a
reference point, we can see that, to the left of the mid-point, linkage is more harmful to switchers than non-
switchers. In this domain, switching only pays if more of the others switch relative to a regime without linkage. To
the right of the mid-point, the opposite is true; linkage is more harmful to non-switchers than switchers. In this
domain, switching pays even if fewer of the others switch relative to the regime without linkage.
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This is because, with linkage, to the left of the mid-point, an increase in (b — ¢) raises the relative

cost of switching, whereas to the right it lowers the relative cost of switching. In short:

Lemma 1. Relative to a regime without trade linkage, linkage moves the tipping point closer to

the mid-point, (n — 1) /2.

Figures 4a-c illustrate three interesting situations. In all of these figures, the grey payoff lines
apply to a regime without linkage, and the black to a regime with linkage. The figures assume
that payoffs in the no-link regime are inclusive of the gains from trade cooperation, b(n — 1).
With linkage, if k = 0, a country pays a potentially huge penalty for switching. Relative to the
no-link regime, linkage lowers its payoff by (b — c)(n — 1).If k = n — 1, non-switchers pay the

same penalty.

Figure 4: Switching with Trade Linkage
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In Figure 4a, countries won’t switch in the absence of linkage, even though they’d be better off

collectively if they all switched; switching is a prisoners’ dilemma. By contrast, linkage makes

switching a tipping game. Importantly, for linkage to be transformational, we must have k < n —

1 < k. That is, switching without linkage must be a prisoners’ dilemma. Moreover, under these

circumstances (see below), k> (n — 1)/2.Thatis, the payoff and risk dominant equilibria differ,

making coordination without the support of a treaty unreliable.

Lemma 2. If switching without linking is a prisoners’ dilemma (that is, if k > n — 1), then, at best,

switching with linking is a coordination game in which the payoff and risk dominant equilibria

differ (that is, k> (n —1)/2), and vice versa.
Proof. See Appendix.

In Figure 4b, switching is a tipping game with or without linkage. Moreover, as the tipping point
is relatively low, the payoff and risk dominant equilibria coincide under both regimes. However,
linkage raises the tipping point and increases the penalty to switching if few others switch,
making switching riskier and coordination harder.?! Under these circumstances, linkage is not
only unnecessary, but may thwart switching.?? Finally, in Figure 4c, linkage lowers the tipping
point, but doesn’t cause the payoff and risk dominant equilibria to align. Linkage also increases
the penalty to switching when few others switch. In this situation, linkage is unnecessary and

could be either helpful or unhelpful.

Proposition 4 (unilateral trade linkage). Trade linkage is unambiguously helpful to cooperation

only where increasing returns to switching are weak, and linkage is able to transform the

21 Of course, linkage also increases the penalty to not switching when nearly all others switch, and so makes the
payoff dominant equilibrium even more stable. However, given that the default is to stick with A, the tried-and-true
technology, the more important effect of linkage is to discourage switching if k is low.

22 This possibility is hinted at by the lab experiment in Barrett and Dannenberg (2017), particularly the comparison
between the B-8 and B-10 treatments, though there are also some differences between the situation depicted in
Fig. 3b and the one studied in this experiment.
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switching game from a prisoners’ dilemma into a tipping game. Under these circumstances, the
payoff and risk dominant Nash equilibria in the tipping game will differ, making unilateral

switching and linking risky.
Once again, a treaty can help. Consider the following game:

Stage 1: Every country chooses independently whether to be a signatory or a non-

signatory to a switching/linking treaty.

Stage 2: Signatories decide collectively whether to switch and impose trade measures

against countries that behave differently.

Stage 3: Non-signatories decide independently whether to follow the lead of signatories

or to stick with A and retaliate.

If signatories switch and link in Stage 2, non-signatories will either switch and link in Stage 3, so

as to avoid being the target of trade measures, or they will stick with A and retaliate in Stage 3.
They will stick with A and retaliate if k < k. They will switch and link if k > k. Reasoning

backwards, signatories have a collective incentive to switch and link in Stage 2 iff k > k. Finally,
in Stage 1, no country loses by signing the treaty, irrespective of how many others sign it, and
each gains by signing it provided enough others sign it. Hence, in equilibrium, participation in the
treaty is full; all countries switch to B; trade remains free. The treaty solves the coordination

problem.

Proposition 5 (linked treaties): If switching-and-linking is a tipping game, a tipping treaty assures

selection of the payoff dominant Nash equilibrium, resulting in universal switching and free trade.

Notice that this result applies even if linkage is unhelpful or unnecessary if undertaken

unilaterally.
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How might this work in practice? Consider the aluminum sector. Aluminum is made using a
century’s-old process. A carbon anode is dipped in a “pot” containing alumina and cryolite, and
electricity is then run through the anode to initiate the smelting process. The reaction releases
oxygen, which reacts with the carbon in the anode to produce both CO, and perfluorinated
carbon compounds or PFCs, another greenhouse gas, as byproducts. These process emissions
can be eliminated by replacing carbon anodes with “inert” anodes. Under the Biden
administration, the US and EU held talks on whether and how to impose carbon tariffs on
aluminum imports from countries that fail to meet certain emissions-intensity standards, with a
focus on the energy input rather than the process. The approach suggested here is different.?? It
would be to negotiate a treaty requiring that parties manufacture aluminum using inert anodes,

and that they trade in aluminum products only with other parties.

7. “Weak” vs. “strong” trade linkage

To this point, like Nordhaus (2015), | have assumed that players are either in or out of the club.
Here | consider the possibility that a country can avoid being the target of trade measures by
switching, without having to join parties to the agreement in imposing trade measures against
non-switchers. We might call this “weak linkage,” and the approach considered previously,

“strong linkage.”

Under weak linkage, countries play one of three roles. They can be “leaders,” switching and
imposing trade measures against non-switchers; “non-switchers,” sticking with A and retaliating
against the leaders; and “follower-switchers,” complying with the environmental aims of the
agreement, but maintaining free trade relations with all countries. Continue to assume k > n —
1, and suppose that there are k leaders. Let k be the solution to /5 (k) = w5 (k). Country i

does better being a follower-switcher if k > k, where (see Appendix)

23 One problem with basing carbon tariffs on the electricity input is that it creates an incentive for aluminum
manufacturers to switch to hydropower, forcing other electricity users to buy power produced from fossil fuels.
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k= (16)

For linkage of this type to make switching a tipping game, we require k<n—1.(0fk>n—-1,

switching remains a prisoners’ dilemma under weak linkage.)

The following lemmas compare and contrast strong and weak linkage:

Lemma 3. (blir)n . k= (blir)n . l:c = k. In words, as the gains from trade cooperation shrink, all else
—Cc)— —Cc)—

equal, the tipping points under both weak and strong linkage converge to the tipping point

without trade linkage.

Lemma 4. l:c § n-lek § n — 1. If switching is a tipping game under strong (weak) linkage
game, then switching is also a tipping game under weak (strong) linkage. If switching is a
prisoners’ dilemma under strong (weak) linkage, then switching is also a prisoners’ dilemma under

weak (strong) linkage.

Proof. See Appendix.

Lemma5. k < I:c sk<n-1k< l:c = l:c < n — 1. If switching is a tipping game under either
weak or strong linkage, then the tipping point is lower under weak linkage than under strong
linkage.

Proof. See Appendix.

Lemma 5 is illustrated in Figure 5.
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Figure 5: Weak vs. Strong Linkage
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increase, the tipping points under weak and strong linkage diverge. Under weak linkage,
switching and linking by even a single country may suffice to impel all other countries to switch.
By contrast, under strong linkage, a majority of countries must switch and link for others to be

impelled to do likewise.

Since we know that a treaty can coordinate selection of the payoff-dominant Nash equilibrium in

a tipping game, the above lemmas imply:

Proposition 6 (“weak” v. “strong” trade linkage): Weak linkage has no particular advantage over

strong linkage in a treaty. However, if the gains from trade cooperation are sufficiently large, the
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payoff and risk dominant Nash equilibria under weak linkage will coincide, possibly helping
coordination to succeed even without a treaty. Indeed, under weak linkage, a small coalition,

possibly even a coalition of one, may suffice to tip all countries to switch.

Proposition 6 helps to interpret the scant evidence that exists in this area. Though the
Montreal Protocol on Substances that Deplete the Ozone Layer applies strong linkage as a
rule, it allows weak linkage as an exception; under Article 4, parties may refrain from
imposing trade measures on “any State not party to this Protocol, if that State is determined,
by a meeting of the Parties, to be in full compliance with [the emission reduction
obligations].” The European Union’s Aviation Directive, which extended the EU’s emissions
trading system to air travel beyond EU airspace for flights departing from or landing at EU
airports, applies weak linkage unilaterally, but was soon suspended after other countries,
including the US, threatened to retaliate. This suggests that a coalition of one may be too
small for aviation. Recently, the US invited the EU to join it in establishing a Global
Arrangement on Sustainable Steel and Aluminum. Under this proposal, countries that fail to
meet the standard chosen by the US-EU partnership would be subject to tariffs—another
example of weak linkage. After the 2024 US presidential election, the politics of climate
cooperation and tariff-setting changed fundamentally, and we can only speculate as to

whether a US-EU coalition would have been big enough to tip behavior globally.

8. Strategic R&D

Can R&D also help transform what would have been a prisoners’ dilemma into a tipping game?
Again, an example may help frame our thinking. International shipping is characterized by strong
network externalities—the reason the International Maritime Organization establishes common
standards. A technology-centered agreement for this sector would focus not on reducing
emissions but on changing the technology-fuel standard. Today’s standard is the diesel engine
powered by heavy fuel oil. As a first step, R&D is needed to identify the best alternative—a

primary aim of Mission Innovation, a coalition of the willing supported by 22 countries.
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For purposes of discussion, suppose that the best alternative to bunker fuel turns out to be
ammonia. How to proceed? Ammonia is expected to cost several times as much as heavy fuel oil,
making switching a prisoners’ dilemma. A switch to ammonia also presents technical challenges.
It requires new engines, new on-board storage tanks (necessitating new ship designs), and new
port facilities: in short, a new technology-fuel system. Clearly, vessel owners won’t want their
ships to run on ammonia unless a network of refueling infrastructure is available, just as no
country will want to build an ammonia fuel network unless assured that lots of ships will run on
ammonia. Lock-in is a barrier to switching if one or a small number of countries switch. But as
more ports switch to ammonia, more ship owners will want their vessels to run on ammonia, and
as more ships run on ammonia, more ports will want to switch. It is by a similar process that an
international agreement known as MARPOL, negotiated under the IMO, orchestrated adoption

of new standards for oil tankers (Mitchell 1994; Barrett 2003).

Another aim of Mission Innovation is to establish a “global port infrastructure to support vessels
operating on zero-emission fuels so that by 2030, 10 large trade ports covering at least three
continents supply zero-emission fuels.”?* Whether ten large ports is enough to tip the switch to
ammonia is unclear, but the logic behind this program plainly reflects the need to transform the
prisoners’ dilemma into a tipping game.?> Mission Innovation isn’t only about innovation; it’s
about linking innovation to future deployment (see also Barrett 2006). This approach to

addressing climate change is strategic.

Suppose that switching costs depend on total R&D spending, denoted by R.%® Specifically, assume
C(R) = Ce™ R, where R=Y",7;, and 7; represents country i’s contribution to R&D.
Substituting C(R) for C in (7a), the gross cost of switching becomes Ce ™ (n — afk)/n. An

increase in R thus has two effects on the payoff to switching. It raises the left-hand intercept of

24 https://explore.mission-innovation.net/mission/zero-emissions-shipping/

25 Of the world’s ten biggest ports by volume, seven are in China. China’s participation in a strategy to change
shipping is essential.

26 My approach broadly follows Barrett (2006); see also Hoel and de Zeeuw (2010). My purpose here is to cast R&D
in a more general framework.
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the m8curve and, for a® > 0, it flattens the slope. Because R&D lowers the cost of switching, it

lowers the reduction in costs achievable by increasing returns.

Figure 6 illustrates three possibilities, assuming that R € {0, ﬁ}, where R > 0. 1In Figure 6a, an
investment of R lifts the ® curve, but switching remains a prisoners’ dilemma. This R&D doesn’t
stimulate widescale deployment. In Fig. 6b, switching is a coordination game, even without R&D.
However, by reducing the tipping point to switching, an investment of R makes the full
cooperative outcome both payoff- and risk-dominant, and lab experiments suggest that this
should improve the chances that coordination will succeed without a treaty (Barrett and
Dannenberg 2017). Finally, in Fig. c, investment of R transforms the switching game more
fundamentally, turning it from a prisoners’ dilemma into a coordination game. In the remainder

of this section, | focus on this last situation.

Figure 6: Switching with R&D
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| have taken R to be binary. How to interpret R? As the purpose of R&D is to convert the
prisoners’ dilemma into a coordination game, we can calculate R as the minimum expenditure
on R&D necessary to bring about this transformation. If R is continuous, R is thus the threshold

for transformation. For simplicity, | shall continue to assume that public good of R&D is discrete.

Assume that, for R = 0, switching is a prisoners’ dilemma; that is, 4 (k) > 2 (k; 0)Vk, and
n8(n—1;0) > 74(0). For R = R to make switching a tipping game we require: 74(0) >
78(0;R) and nf(n — 1;R) > n4(n — 1). For switching to be efficient, we require 7%(n —
1;R) > n“(0). (See Appendix.) Of course, if 7R is sufficiently large, we will have 74(0) <
nB(O; ﬁ), making switching a dominant strategy. In this case, a treaty may be needed to supply
R, but not to tip switching. Here, | shall assume that 74(0) > (O; ﬁ), meaning that a treaty is

needed both to promote supply of R and the switch to B.

If the above conditions apply, collective R&D and technology switching are strong complements.
R&D pays only if switching occurs, and switching occurs only if the investment in R&D is made.
The supply of both thus requires a system of two treaties, one to supply the R&D and one to
coordinate the switch to B. We already know that a switching treaty can support the efficient
outcome, provided the above conditions hold and the expenditure R is made. Aggregate

willingness to pay for R is n[n,‘fc(}?) - n,‘\‘}E]. Collectively, states will gain by paying this cost iff
R < n{yne™/f —[Ce R [n—aP(n—1D]/n—B[1—e"F +y/B)]/n]}. (17a)
It will not pay any country to supply R unilaterally if
R>yne vk — [Ce"’ﬁ[n —af(n—-1]/n-B[1—e "B +v/B)]/n]. (17b)
If (17a) and (17b) both hold, international cooperation is needed to fund the R&D, which is a

discrete public good. There are two symmetric Nash equilibria (in pure strategies), zero funding

and funding by an amount r; = R/n V i. Full funding can also be supported by many asymmetric
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Nash equilibria. In particular, funding of R&D could be shared by a subset of countries, such as
the members of Mission Innovation. Adoption of a new standard, by contrast, will require a new

agreement, applicable to all members of the IMO.
Solving the coordination problem now requires a two-part treaty:

Part 1 Stage 1: Every country chooses independently whether to be a signatory to a B-

specific R&D treaty;

Stage 2: Signatories decide collectively whether to fund the R&D, knowing that

each signatory will pay an equal share of the cost;

Part 2 Stage 1: Every country chooses independently whether to be a signatory to a

switching treaty;
Stage 2: Signatories decide collectively whether to switch.
Stage 3: Non-signatories decide individually whether to switch.

Begin by solving Part 2. The tipping point for the switching game will be E(}?), where E(ﬁ) is
given by (8) after substituting Ce™"R for C. Hence, in Stage 2.3, every non-signatory will switch
provided at least IE(I?) others switch, where IAc(I?) is the smallest integer greater than or equal
to E(}?). In Stage 2.2, signatories will switch collectively iff the number of signatories is equal to
or greater than E(ﬁ) Finally, in Stage 2.1, no country loses by joining the treaty, and all gain by
joining it if at least IAc(I?) — 1 others join it. In equilibrium, therefore, all countries participate in

the switching treaty; all countries switch to B.

Play in Part 2 is predicated on a coalition of states having invested R previously. Let kR =

[nE:(R) — m{z]/R. Then the minimum coalition willing to fund R is the smallest integer greater
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than or equal to kR. Denote this value kR. In Stage 1.2, signatories will decline to invest in R&D if
participation is less than kﬁ, and pay for the R&D fully if participation is at least kR, Finally, in

Stage 1.1, precisely kR countries will sign the treaty. Should another country join, it would have
to contribute its share to the R&D budget, without changing the final outcome. This is another

chicken game.?’

Proposition 7 (two-part R&D-switching treaty): If R&D can transform switching from a prisoners’
dilemma into a tipping game, a two-part treaty consisting of an R&D treaty, supported by a subset

of countries, and a multilateral switching treaty can assure universal switching.

9. R&D coupled with trade linkage

Where the two-way combinations of increasing returns and trade linkage or increasing returns
and strategic R&D each fall short of transforming the switching game, the three-way combination
of increasing returns, trade linkage, and R&D may succeed better. This possibility is illustrated in
Figure 7. The combinations of increasing returns and (strong) linkage (Figure 7a) and increasing
returns and R&D (Figure 7b) are unable to transform the switching prisoners’ dilemma, but the
three-way combination is able to do so (Figure 6¢). R&D improves the economics of switching for
any level of take up, and linkage raises the payoff to switching as more countries switch. Selection
of the preferred equilibrium, and full funding of the R&D, is again achieved by the two-part treaty
described in Section 8, except for the Part 2 treaty being replaced by the linked game presented

in Section 6.

27 If R&D is a joint product, meaning that it provides private benefits to contributors (training of their scientists, for
example) in addition to the public good of knowledge, participation would increase.
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Figure 7: The Combined Effect of Linkage and R&D on Switching
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10. Conclusions and implications for negotiations

From the start, climate negotiators saw their task as getting countries to limit their emissions.
The Framework Convention framed collective action this way in 1992, and negotiators have
stayed on this track ever since. In Kyoto, in 1997, emission limits were negotiated for a subset for

countries in the expectation that an enforcement mechanism could be added later. No such

mechanism

Copenhagen in 2009 to negotiate tougher “commitments” shared by a greater number of
countries. Asking an approach that was already faltering to achieve even more was fanciful, and
the negotiations collapsed. To rescue collective action, negotiators pivoted on the spot, asking
countries to pledge “contributions” towards meeting a common temperature change goal, with
the understanding that the pledges were to be nationally determined and strictly voluntarily. Like

the previous approach, this new one, formalized in Paris in 2015, asks countries to play the

could be agreed, and support for Kyoto eroded even as negotiators gathered in

prisoners’ dilemma. It is unlikely to be effective (Barrett and Dannenberg 2016).
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A different approach, akin to the one studied in this paper, is starting to emerge. In Paris, separate
from the United Nations process, a group of 20 countries, including the United States, China, the
European Union, India, Japan, and Brazil, announced Mission Innovation, an “all-in, all-sector
approach to transform global energy markets.”?® Seeing that, even as emissions were increasing,
prices of LED lightbulbs, batteries, and solar and wind energy were falling, Mission Innovation
aims to fund R&D so as to lower the prices of other critical technologies. | noted previously
Mission Innovation’s goal of zero-emission shipping, but there are others. Its clean hydrogen
mission, for example, aims to reduce “end-to-end costs to a tipping point of 2 USD/kg by 2030.”%°
As with shipping, innovation in hydrogen is tied to deployment—in this case, “at least 100 large-
scale integrated clean hydrogen valleys worldwide by 2030... [so as to] generate economies of
scale, pushing down clean hydrogen costs to catalyse the development of a global clean hydrogen
economy.”3? By targeting R&D and linking it to deployment, Mission Innovation aims to tip the

switch to new technology-fuel systems.

Ten months after Paris, countries adopted the Kigali Amendment to the Montreal Protocol, which
phases down the production and consumption of hydrofluorocarbons, a greenhouse gas. The
Kyoto Protocol failed to reduce HFC emissions, but this new agreement makes cooperation on
trade in HFCs and products containing HFCs contingent on participation in the collective effort to
phase down these chemicals (strong linkage). That is, Kigali makes cooperation a tipping game.
The United States Senate never voted on the Kyoto Protocol, and the Paris Agreement had to be
constructed in such a way that the United States could participate without Senate approval. By
contrast, in 2022, the Senate ratified the Kigali Amendment in the usual way, by a two-thirds

majority, another indication of the power of tipping agreements.

28 https://obamawhitehouse.archives.gov/blog/2015/11/29/announcing-mission-innovation

2 https://explore.mission-innovation.net/mission/clean-hydrogen/

30 http://mission-innovation.net/missions/hydrogen/. A hydrogen “valley” is defined as an integrated system
comprising production, storage, and distribution in a defined geographic area.
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This paper exposes the mechanisms behind these developments. It also offers a blueprint for
developing more such efforts. By exploiting increasing returns in a new technology-fuel system,
supported, where appropriate, by trade linkages and targeted R&D cooperation, the strategic
approach is able to overcome lock-in and make universal switching self-enforcing. Of course, the
approach is piecemeal. It ignores general equilibrium effects. It won’t bring global emissions to
zero. But it will improve on the default arrangement, the main UN negotiations; and as elements
of the approach are already emerging, it is important that economists understand the conditions

and strategies needed to make it work efficiently and effectively.
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Appendix

Solution to k. If i joins the switchers/linkers it gets

78 =ym—k— 1)(1_9—7/3) +yk+1)—Cn—alPk)/n+bk+c(n—k—-1).

If i sticks with A and retaliates against the switchers/linkers it gets

td=ym—k)(1—e"F)+yk—p[1—e VA +y/B)] (n+a’k)/n

+b(n—k — 1) + ck.
I:c in eq. (13) is found by (A.1a) equal to (A.1b).

Proof of Lemma 2. Suppose the lemma is false. Then k< (n—1)/2,0r

C—Bp(1—-e?B)+(n—1)(b-c) <n—1
CaB/n+B[1—eVBA+y/Bla’/n+2(b—-c)~ 2 '

which implies k < (n — 1) /2, a violation of the lemma. m
Solution to k. Country i gets

S =yn—k-D(1-e?"F)+yk+1)—C(n—afk)/n+bn-1)
by being a follower-switcher and

s =y —k)(1—e ") +yk —B[1—e VP +y/B)] (n+ a’k)/n

+b(n—k—1)+ck
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by being a non-switcher. k in eq. (16) is found by setting (A.2a) equal to (A.2b).

Proof of Lemma 4. Rewrite k as k = Q4+ n—-1)b-c)]/[¥Y+2(b—-c)], where Q =C —
B(1—e¥/F) and ¥ =Ca®/n+B[1—e"F(1+y/B)| a/n. Similarly, rewrite k as k =

Q/[¥ + (b — ¢)]. Substituting, we getI:c <n-120<¥n-1)+n-1)(b--c).Also, k <
n—-1=0<¥Yn-1)+ (n—1)(b — c). Seeing that these inequalities are identical proves

the lemma. m

Proof of Lemma 5. k < k implies Q/[Y+ (b —-0)]<[Q4+ (n—-1)(b—-0)]/[¥ + 2(b - c)].
Rearranging gives Q < W(n — 1) + (n — 1)(b — ¢). Dividing both sides by ¥ + (b — ¢) gives k <

n — 1. The other part of the lemma is obtained by reversing the inequality. m

Conditions under which R&D transforms switching from a prisoner’s dilemma into a tipping

game. For switching to be a prisoners’ dilemma for R = 0, we require w4 (k) > w8 (k; 0)Vk, or
Cn—alfk)/n—B[1—e"PA+y/B)](n+a’k)/n>ye?/F, (4.3a)
andt(n — 1;0) > n4(0), or
yne ™ > Cln—af(n—1]/n—-B[1—e VA +v/B)]. (4.3b)
For R = R to make switching a tipping game we require: 74(0) > nB(O; I?), or
Ce "R — ,8[1 —e VE(1 + y/ﬁ)] > ye V/F, (A.4a)

m®(n—1L;R) > n4(n—1),0r
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ye "B > CeR[n—aB(n—1)]/n—B[1—e P +y/B)]ln+a’(n—1]/n. (A.4b)
Finally, for switching to be efficient we require (n - 1; I?) > 4(0), or

yne’F > e [n—a’(n~ DI/n~B[1 - 7P (1 +y/B)] (4.5)
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Online Appendix
OA.1 Uncertain switching costs

Consider again Figure 1b. If the gray payoff line applies, the parameter a® is “low” and switching
is a prisoners’ dilemma; if the black line applies, aZis “high” (a5 > af > 0) and switching is a
coordination game. The more realistic situation is one in which, before deployment of a novel
technology, the value of a® is unknown. What kind of game is switching when the returns to

switching come into focus after switching has occurred?

Assume that, before choosing whether to switch, each symmetric country holds the same prior
probability, p, p € [0,1], of @® being high (1 — p is thus the prior probability that aZis low). Then
the expected payoff to switching lies somewhere between the black and gray ? lines in Fig. 1b.
If countries choose simultaneously and are risk neutral, none will switch if each believes switching
is a prisoners’ dilemma (n“‘(n —1;p)>nB(n—- 1;p)), whereas each might switch if each
believes switching is a tipping game (nB(n —1Lp) >nt(n— 1;p)). Upon substituting, the

latter condition can be rewritten as

C—ye P —Bl1—e"PA+y/P]1l+a’(n—1)/n]
Cn—1)/n ’

af >

(0A.1)

where @ = paf + (1 —p)al.

If countries had to choose simultaneously whether to switch, we know that a treaty can assure
coordination provided inequality (OA.1) holds. Under certainty, simultaneous choice makes
sense because there is no benefit to waiting. However, under uncertainty, when k signatories
switch, they not only reduce emissions and the expected switching costs of signatories due to
increasing returns; if the costs of switching are public knowledge, they also reduce uncertainty

about these costs—another positive externality—creating an incentive for non-signatories to
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“wait” before deciding whether to switch so that they may learn whether the posterior
probability that a® is high differs from the prior, p. By waiting, non-switchers “learn-by-

observing.”
If increasing returns are uncertain, the treaty game becomes:
Stage 1: All countries decide simultaneously whether to join a switching treaty.

Stage 2: Parties to the treaty decide collectively whether to switch, and then, upon doing

so, reveal information about the costs of switching;

Stage 3: Non-parties decide independently whether to switch (equivalently, whether to

accede to the treaty, should it have entered into force).

Suppose that k countries switch, producing a signal, 8, about a®. This signal is “stronger” (packs
in more information) the higher is k. Upon observing 6;, Bayesian non-signatories will calculate

the posterior probability that a® is high as

_ P(Oklag) - p
P(Oxlap) -p+P6lal) - (1—p)’

Pk (0A.2)

where, P(6,|aZ) is the likelihood that signal ) would be observed given that a? is high and
P(6|aB) the likelihood that 8, would be observed given that a? is low. (The denominator is

thus the prior probability of observing signal 8;.)
Given that k other countries switch, revealing the posterior probability p,, each non-signatory

will switch in Stage 3 iff T8 (k, py) = n4(k, p). To simplify, assume a4 = 0. Then, early action

by the k signatories will impel the others to switch provided the number of signatories is at least
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: (0A.3)

where af = pal + (1 —p,)a’; otherwise, each of the n — k non-signatories will not

switch.3!

In Stage 2, signatories anticipate this response by non-signatories. However, signatories have to
choose in Stage 2 without knowing py. Their best guess is that p, will equal p. Hence, they can
do no better collectively than to switch iff the number of signatories is at least k(p), where k(p)
is calculated by substituting @® for a®in (8). As the number of switchers must be an integer,
signatories will switch in Stage 2 iff the number of signatories is at least as large as the smallest

integer greater than or equal to k(p). Denote this integer k(p).

How will countries choose in Stage 1? If, from country i’s perspective, fewer than k — 1 others
participate, i is no worse off for participating, for the agreement will not enter into force
whichever way i decides; if precisely k — 1 other countries participate, i will gain (in expectation)
by participating, as its participation will cause the agreement to enter into force, obligating i and
all the other k — 1 parties to switch and supply the public good; and if k or more countries
participate, i will be worse off for participating, since, by “waiting,” i can decide whether to
participate in Stage 3, after observing ag. As the game is one-shot, there is no cost to “waiting,”

only a benefit.

The model assumes that decisions are irreversible (an assumption | relax in the next section).
Choices by signatories are made before Py, is revealed. Choices by non-signatories are made after

Dy is revealed, but before p,,is revealed, where p, denotes the posterior probability that a® is

31 The numerator of (OA.3) represents w4(0) — w2 (0), which is positive by assumption, and the denominator is the
expected reduction in cost due to one more country switching. The ratio thus represents the expected number of
countries that must switch in order to close the initial gap in payoffs, making switching attractive for every other
country.
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high after all n countries have switched. The combination of irreversibility and uncertainty opens

the door to two kinds of ex post error.

First, if k(pz) > k(p) = k(p,), non-signatories won’t switch, but they (and the original
signatories) would all have been better off if they had switched. Of course, because non-
signatories don’t switch, they won’t observe p,, and so will have no reason to feel regret.
However, signatories will regret having switched previously. After all, they switched to induce
non-signatories to switch, and this didn’t happen. And, yet, if 5 (I? -1, pk) > 14(0,p3), every
signatory will be better off than if none had switched, because they switched en masse, supplying

a significant quantity of the public good.

Second, if k(pz) < k(p) < k(p,), all countries will switch and, after doing so, discover that their
beliefs about a® were optimistic. In this case, non-signatories will regret switching if nA(E, pk) >
m8(n — 1,p,) and be glad that they switched if this inequality is reversed. (Of course, given their
prior decision to switch, the original signatories will only be pleased that the non-signatories
switched subsequently.) Again, though a non-signatory may regret its own prior decision to
switch, because all non-signatories switch as a group, and because each country gains from mass
switching, each country may be better off than if no country had switched.3? Moreover, this
second error is less of a concern than the first one for the simple reason that p, = p, as k — n.

The risk of regret for second movers decreases in the treaty’s minimum participation level.

Proposition OA.1 (uncertain switching costs). If switching costs are uncertain, and this
uncertainty can only be reduced by making the switch, countries will join a switching treaty in
tranches. A first tranche of “leaders” will participate, much as in the certainty case, provided they
expect switching to be a tipping game. Whether the others follow depends on whether the

leaders’ costs turn out to be higher or lower than expected ex ante. Though countries may find ex

32 An obvious solution to the prisoners’ dilemma is for all countries to commit to switching. The situation described
here is similar, except that no commitment is needed. Ex ante, switching is individually rational.
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post that their prior decision to switch was unwise, switchers are still likely to be better off

compared to the status quo ante because switching is done en masse.
OA.2 Switching, reversibility, and sunk costs

Let us now allow countries to reverse their decision to switch, but also recognize that switching

may involve a sunk cost. In particular, suppose that, after switching, a country earns
f=ymn—k-D(1-e"F)+ylk+1)— (1 —5s)C(n—aPk)/n, (0A.4)
where s € [0,1] represents the fraction of the cost of switching that is sunk.

If s = 0, there are no sunk costs, and countries can only gain by switching. By switching,
countries learn about the costs of switching without having to pay for this information. For
example, if countries switch in the belief that switching is a tipping game only to discover later
that switching is a prisoners’ dilemma, each will withdraw from the agreement and revert to A.
Switching ultimately fails, but the exercise in discovering whether switching pays is costless, and
switchers have no reason to feel regret.3 If s is positive but small, countries will again switch
back to A, but now they will regret their prior decision to switch because of the sunk cost they
incurred in switching. Finally, if s is sufficiently large, it won’t pay any party to switch back to A.
In this case, countries will behave in the same way as described in the previous section, where

switching was assumed to be irreversible.
Incorporating the possibility of ex post reversion to A, the treaty game becomes:

Stage 1: All countries decide whether to join a switching treaty.

33 Indeed, because course reversal is costless, countries have an incentive to switch even if the chances are slim that
switching is a tipping game. If there are no sunk costs, learning-by-switching is costless. Sunk costs play a similar role
here as in the theory of “contestable markets.”
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Stage 2: Parties decide collectively whether to switch, and then, upon doing so, reveal

information about the costs of switching.

Stage 3: Non-parties decide independently whether to switch/accede to the treaty, and

then, upon doing so, reveal additional information about the costs of switching.

Stage 4: Parties choose independently whether to remain in the agreement or to

withdraw and switch back to A.

The novelty here is Stage 4. In this stage, every party, acting independently, will stick with B (not
withdraw) iff t2 (k) = (k) or

yn—k—=1D(1—-e"F)+yk+1)—(1-s)C(n—alk)/n=>
y(n—k)(1—e"B)+yk—B[1—e "B +v/B)] (0A.5)

Rearranging, sticking with B pays if

ﬁ(l—e‘y/ﬁ)
s=1- Cn—afk)/n

(0A.6)

The fraction on the far-right of (OA.6) represents, from country i’s perspective, the cost of
reversing course (the cost of A plus the damage to i caused by i’s emissions being higher when i
adopts A) relative to the cost of staying the course. If the fraction exceeds one, it is rational for i
to stay the course, irrespective of any sunk costs. If the fraction is less than one, it is rational for

i to stay the course only if a sufficient proportion of the cost of switching is sunk.

There are again two situations of interest. First, k countries may switch in Stage 2, and no more
countries switch in Stage 3. In this case, the critical value for s is found by substituting k — 1 for

k in (OA.6). Second, alln —k non-signatories may switch in stage 3, in which case the critical
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value for s is found by substituting n — 1 for k in (OA.6). In the second situation, p,, would have
to be significantly lower than pj; for switching back to A to pay, a prospect that becomes

increasingly remote as k approaches n.

As in the previous section, signatories may discover that they failed to induce others to switch,
and yet be better off for having switched themselves. This will be the case for the first situation
described above if T%(k — 1;5 = 0) > nf; and for the second situation if % (n — 1;s = 0) >
i . Sunk costs bind countries to their previous choice, but if these conditions apply, this is all

for the good.

Proposition OA.2 (reversibility and sunk costs): When the extent of increasing returns is
uncertain, and switching is reversible but entails sunk costs, switching is risky, especially for first
movers. However, because signatories to a switching treaty switch en masse, supplying a
significant amount of the global public good, first movers may still be better off for having made

the switch.

The prospects of tipping coupled with the sunk costs of switching play a similar role as
commitment. The prospects of tipping are a lure for switching en masse, and sunk costs a barrier
to these same countries later reversing course. Though these features may be unable to support
full cooperation, they may sustain a superior outcome compared to the emission reductions

game.
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