
 
 
 
 
 
 
 
 

 

Malova, Anna (2024) Essays on climate change. PhD thesis. 

 

 

https://theses.gla.ac.uk/84535/  

 

 

 

Copyright and moral rights for this work are retained by the author  

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge  

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author  

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author  

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 

 
 
 
 

 
 
 
 
 
 
 

Enlighten: Theses  

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 
 

https://theses.gla.ac.uk/84535/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


Essays on Climate Change

by

Anna Malova, MRes

Submitted in fulfillment of the requirements for the degree of
Doctor of Philosophy

Adam Smith Business School, College of Social Sciences
University of Glasgow

September 2023

https://www.gla.ac.uk/schools/business/
https://www.gla.ac.uk/


i

Abstract
This thesis attempts to provide practical policy recommendations that may make

a difference in the climate crisis. It is, therefore, grounded in non-cooperative game
theory, and the author regards its simplicity as a virtue rather than a hindrance.
By no means does it offer a comprehensive solution, but merely recommendations
that are easy to implement.

Chapter 1 focuses on approaches to reform implementation in the face of po-
litical constraints, such as a net-zero transition. In a simple three-period model
where a welfare-enhancing reform may never be implemented, we show how a win-
ning coalition of voters can be identified and constructed before reform is proposed
to enable its implementation. When domestic mobility frictions are small, the re-
form can be implemented immediately. Alternatively, in certain settings, a winning
coalition of voters serves as a commitment device underpinning the credibility of
a proposal to implement reform with delay. If nations are part of a network, the
transition may be engineered in a small number of pivotal members, which will
lower the cost of transition for other members and ensure the transition across all
countries. We propose many different ways to identify and leverage a pivotal group
of voters or countries.

In Chapter 2, we turn to the role of unilateralism and how it can be used to lower
global emissions more effectively. In a model with n countries, we prove that the
core is empty and thus, no multilateral agreement with full participation is immune
to deviations. Extending the model to include technological spillovers in the form
of discontinuity in the investment cost if enough nations adopt the technology early
on leads to multiple subgame perfect equilibria, among which is a stable grand
coalition. We survey the literature for ways to introduce technological trade, discuss
the role of an international environmental treaty under these conditions and provide
some policy implications.

Chapter 3 looks at a non-cooperative game of three interacting nations who
pollute, consume, invest and bear delayed cost of their choices. The novelty of the
model is in separating environmental damage into two terms, local and global, so
that the two stocks have different effects on nations’ payoffs. Instead of assuming
that some countries would adopt new technology earlier than others, this approach
provides a rationale for such choice. It is evident that already today, the conse-
quences of climate change can be felt, but some countries have it worse than others,
so the nations with greater present environmental damage will be the first to invest.
Comparative statics suggests that merely an option of technological trade is enough
to convince some nations to invest in green technology, but the country must be
large in terms of its share of global emissions and suffer from local pollution already
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at present. Under these circumstances, China is a reasonable candidate for the role
of global transition leader.
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Introduction

In an era defined by its interconnectedness and global challenges, few issues loom as
ominously as climate change. With each passing day, the evidence of our planet’s
delicate ecological balance being disrupted becomes more undeniable, presenting a
dire threat that transcends borders, economies, nations. It may seem surprising
that even in the face of overwhelming scientific consensus, political action remains
scant, if not inadequate. It is however expected in the world as complex as the one
we live in, and humanity needs to pivot away from the policies that have yielded
no result and agreements that have led nowhere.

The Paris Agreement, being a 180-degree turn from the bottom-up to top-down
approach and succeeding dysfunctional Kyoto Protocol, has so far struggled to yield
substantive results, laying bare the limitations of unilateral commitments in the face
of a crisis that respects no national boundaries.

This thesis delves into the heart of this complex issue, weaving together the
realms of game theory and political economy, and turning the gaze toward green
technology as an instrument for enhancing international cooperation.

As political inertia continues to hinder collective action, which is evident from
insufficient nationally determined contributions to the Paris Accord, the question
emerges: how can nations be incentivized to transition toward sustainability, espe-
cially when self-interest and short-term priorities often overshadow long-term global
well-being?

At its core, this thesis acknowledges the merit of unilateral actions as an essential
building block for addressing the climate crisis. The failure of previous international
agreements underscores the challenges of compelling sovereign states to commit to
binding obligations that might conflict with their immediate interests. However,
this approach has led to a paradoxical stasis, wherein ambitious pledges to achieve
carbon neutrality by distant dates like 2050 can inadvertently provide political cover
for delaying concrete action and transformative investments.

Yet, this thesis contends that while unilateral actions are a necessary starting
point, they are insufficient to drive the profound societal shifts required for mean-
ingful change. The linchpin lies not merely in economic models but in the realm of
psychology and leadership. A pivotal step toward enacting effective policies rests



LIST OF FIGURES 2

in shaping the electorate’s mindset, thereby cultivating a political landscape that
empowers visionary leaders capable of steering nations toward sustainable future.

Research suggests that six out of nine vital planetary boundaries have been
passed, two are very close to being broken, and only one is judged to be well out-
side the danger zone. Ironically, the one which is safe is the ozone layer, which was
promptly fixed by the Montreal Protocol (Richardson et al. 2023). Why ironically?
Because in fixing climate change, so much importance is placed on international
cooperation, and the Montreal Protocol serves as a perfect example of what suc-
cessful international cooperation looks like. The irony here is in the fact that the
same approach would never work for solving global warming, and while it magnifi-
cently eliminated one big threat to human existence, so much so that it is the only
boundary that has not been passed, it will same magnificently fail to eliminate the
second big threat, which is evident in passing the other eight boundaries.

Paris Accords, unlike the Kyoto Protocol, did not make the mistake of being
drafted in the likeness of the Montreal Protocol, but it, too, does not seem very
promising. The focus on unilateral actions seems like a logical step to take after a
top-down approach fell short of its promises, and it might be the only hope we have
in surviving the twenty-first century. Still, the individual pledges are far too small
to add up to the bare minimum required to cap the warming under 2◦C, and even
these insufficient targets are unlikely to be met. It is too little too late.

Does it mean we should stop wasting our resources on trying and live by the
motto "après moi, le déluge"? To the author of this thesis, the answer is no.
The future generations deserve a chance to live, and however little our attempts
can achieve, the effort must be made. Having lost hope in an ambitious global
international agreement that will once and for all cut greenhouse gas emissions, in
this thesis, we look at unilateral localised actions that have the potential to make
a difference.

In chapter 1, we will consider a simple political economy model with a benevolent
policymaker who is interested in staying in power. To maximise her rent from being
in office, she will want to engineer a transition within society, which will raise social
welfare over time but will cost some citizens in the short run. To resolve the political
bottleneck, we propose two solutions that are scalable to a network of countries.
These solutions are not quick fixes but a steady road towards an environmental
transition not only within the borders of one country but, if it is a pivotal country,
within the borders of many others who will follow suit.

Since it is becoming evident that with conventional methods, the worst effects
of climate change will not be averted, the discussion is shifting towards climate
management in the form of geoengineering. This approach must, at worst, be taken
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with extreme caution, and at best, not at all (Biermann et al. 2022, Baum et al.
2022, McDonald 2023). Geoengineering is an example of an undesirable use of
technology, but technology is not bad in and of itself; it is what we use it for that
gives it meaning. And it so happens that it is necessary for the transition to a
low-carbon economy. Fossil fuels must be substituted with something before we
can eliminate them from our lives. In chapters 2 and 3, we will therefore direct the
attention towards the role of technology in global efforts to curtail global warming.
In chapter 2, we take a closer look at different ways technology has been introduced
to the models of climate cooperation and propose our own to fill in the gaps in the
literature. Relying on the argument of the core, we show that a treaty that sustains
full participation is not possible if technology is not explicitly accounted for. On
the other hand, it is but one of many subgame perfect equilibria when technology is
introduced in the form of critical mass of nations whose investment at t = 1 lowers
the cost of technology for everybody else in the future. The idea relies on strong
technological spillovers, but can be interpreted as learning or shared R&D cost. To
further incorporate technology transfer in the form of trade, we discuss a paper that
does so and conclude with plans for future development.

In chapter 3, we continue to build on the results of chapter 2 and extend them to
a richer modeling environment. We acknowledge that the window of opportunity for
mitigation efforts is rapidly closing, and some damage to the environment is already
done. This damage is felt unevenly between the nations, therefore the incentives
to adapt also differ. We postulate that the nations who suffer more at present
will be the hot spots of technological advancements from where it could spread to
the countries who are more fortunate. We therefore propose a three-period model
with immediate benefits, delayed cost and three asymmetric nations who engage in
polluting activities, suffer from local as well as (delayed) global damages, and invest
in technology. The cornerstone of the model is technological trade – nations who
invest earlier to adapt to climate change in their region can sell the technology to
the rest of the world thereby ensuring that global emissions are reduced later than
ideally needed, but earlier than never. The versatility of the model in chapter 3
allows for different types of technology, such as mitigation, adaptation, or full-on
geoengineering. The game is solved using the methods of non-cooperative game
theory because the transfers between the nations are not assumed, to bring it more
in line with the reality of the Paris Accord.

The analysis presented here is far from complete, and in the future, we hope to
significantly expand it and add layers of complexity in the form of uncertainty about
the cost of investment and the magnitude of environmental damages. Bayesian
updating is also a possible way of extending the model in chapter 3. The thesis
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would also greatly benefit from an empirical section on technological spillovers to
establish whether the assumption that underpins the model is valid.
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Chapter 1

Mitigating domestic barriers to
Pro-Climate Reform: The role of
winning coalitions

1.1 Introduction

In 2015, Kyoto Protocol was officially abandoned in favour of the Paris Agreement.
Its failure to achieve substantial multilateral greenhouse gas emissions cuts is the
driving force behind the pivot in international negotiations towards a bottom-up
approach to a global climate agreement. Indeed, it could be argued that the success
of the Montreal Protocol was precisely that it leveraged unilateral commitments
effectively (Barrett 2005a). The Paris Accord thus explicitly builds on unilateral
emissions cuts and serves to coordinate and monitor such commitments.

Given this shift, the key issue is how countries can implement environmental
reforms by mitigating domestic barriers to a shift to a low-carbon economy from an
unsustainable inefficient status quo.

In the present paper, we adopt a viewpoint of practical mechanism design. Treat-
ing environmentally unsustainable society as a result of inefficient institutional per-
sistence, we want to study how inefficient institutions can be replaced when national
governments have no political interest in doing so, i.e., leaders have a stake in per-
petuating the status quo. The discussion thus becomes part of a larger debate about
persistence of inefficient institutions, especially in the context of entering and ex-
iting international agreements, such as trade protectionism (the unwillingness to
dismantle existing tariff barriers or the incentives to impose new tariff barriers)
or climate change (the inability of national governments to commit to early adop-
tion of low carbon technologies). Institutions are central for national growth and
development, which makes persistent inefficient institutions a central issue in the
political economy of development (Acemoglu and Robinson 2013). But institutions
are also a consequence of historical conditions a nation finds itself in: “Men make
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their own history, but they do not make it as they please; they do not make it
under self-selected circumstances, but under circumstances existing already, given
and transmitted from the past” (Marx 1852). From this perspective, institutional
change is far too gradual, subject to the vagaries of history, and cannot be easily
remedied. Our approach of practical mechanism design suggests otherwise.

We analyse a setting where, following Fernandez and Rodrik (1991), an under-
lying domestic mobility friction creates individual-specific uncertainty about the
ex-post identities of winners and losers when pro-climate reform is adopted. Such
uncertainty could be due to bottlenecks in domestic capacity to adopt, simultane-
ously, both upstream and downstream low-carbon technologies to effectively abate
emissions. An environmentally sound technology can be turned into a polluting one
if the upstream technologies do not keep up with the transition. For instance, if the
rate of adoption of electric vehicles exceeds the capacity of the electricity genera-
tion system to provide clean energy, environmental benefits may be forfeited.1 Since
winners from the reform cannot credibly commit to compensate the the losers, we
assume limited transferability of payoffs between agents within countries, between
time periods, across national boundaries. The resulting mobility frictions imply
that either reform is implemented immediately, or never implemented at all. In the
latter scenario, before the reform is proposed as a policy option, a winning coalition
of voters can be identified and leveraged to mitigate mobility frictions that prevent
the reform from taking place.

Under certain conditions, such a winning coalition of voters leads to an im-
mediate reform adoption. For instance, Marechal and Lazaric (2010) note that
the obstacles to wider implementation of efficient emission-reducing investments
require targeting "lead users" who could serve as early adopters. Provided that
domestic mobility frictions are not too large, this would be a specific instance of
the mechanism discussed here.

In general, when it comes to promoting technological transitions, especially in
the field of renewable technologies, governments may want to start from creating
niche markets and managing them strategically to achieve a technological regime
shift. This implies a government trying on a role of a catalyst and facilitator rather
than a regulator or benefactor (Kemp et al. 1998).

When reform cannot be immediately implemented, a promise to do so in the
future, with some delay, is made by the incumbent politician – the winning coalition
of voters serves as a commitment device as they will hold the incumbent politician’s

1Modifying electricity generation is likely to be incremental due to to path-dependence and
carbon lock-in (Arthur 1989, Unruh 2000a, Markard et al. 2012).
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"feet to the fire" if the promise is reneged on. Hence, the sequence of political mea-
sures is key. Before a programme can be introduced, building societal and strategic
business support is necessary (Geels et al. 2017). Green policy constituencies in
this case serve as a commitment device that ensures that the policy lives on. And,
if revenues from a decarbonisation programme are reallocated to the public, public
scrutiny will be strongly encouraged and the government will have less incentive to
reverse or not comply with the policy (Brunner et al. 2012).

For instance, a politician may choose to subsidise complementary abatement
technologies that are further upstream to affect the distribution of future costs and
benefits. For example, as the first step in a transition to sustainable electricity
system in Germany, increased R&D expenditures created advocacy coalitions that
would later grow to be powerful enough to influence policy choices (Jacobsson and
Lauber 2006). They included firms invested in wind and solar energy as well as
associations and other organisations such as the German Solar Energy Industry As-
sociation and Eurosolar. The system of feed-in tariffs also created support amongst
farmers and homeowners (Strunz 2014). The winning coalition thus identified and
constructed, though not explicitly a goal of the German government, turned out to
be key in the energy system transition.

As an extension of proposed mechanisms, considering the world as a global
network of interconnected nations, we can also imagine an international policymaker
who internalizes relevant global externalities and seeks to devise a policy with the
aim of exploiting national governments’ domestic constraints and catalyse a change
in an accelerated time frame. In such a network, one nation’s payoff from being
in a certain political state may depend on the number of other countries in the
same state. For instance, nations who wish to explore the potential of wind energy
can share research and development costs.2 An outside agent can manipulate the
payoffs of pivotal countries to indirectly alter the preferences of a median voter
in other countries to cause a cascade of political transitions. A quick example of
this approach would be subsidising German car manufacturers to produce electric
vehicles, so that the price and quality of them reaches an optimal point where people
in other countries would find them a good substitute for a conventional vehicle.

The rest of the paper is organised as follows. The next section discusses relevant
literature and our contribution to it. Then we describe the basic model and the
benchmark result. The mechanisms for implementing an efficiency-enhancing re-
form by identifying and constructing winning coalitions are analysed in the following
section. The last section provides a discussion and concludes.

2As a prerequisite, however, we must allow for technological spillovers, which might not be an
easy task (Bayer and Urpelainen 2013).
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1.2 Related Literature

Due to its interdisciplinary nature, this paper touches many strands of literature.
Since it talks about political inertia and persistent suboptimal social states that
are the result of a long sequence of past events, it is part of the literature devoted
to institutions. Institutions, as defined by North (1991), can be a constraint for
economic and political problems faced by society; institutions can be inefficient;
institutions tend to persist, thereby defining and limiting the options of future
trajectories for society’s development.

Douglass North (1991, p.97) defined institutions as "the humanly devised con-
straints that structure political, economic and social interaction". Therefore, in-
stitutions determine the set of tools available to a society to effectively resolve its
issues. Some institutions are correlated with better economic performance, such as
better enforcement of property rights of a large fraction of the citizens and compar-
ative equality before the law (North and Weingast 1989; Acemoglu et al. 2001). Ex-
tractive institutions are generally associated with poor economic performance and
noticeably lower levels of economic development, although they still can emerge
in equilibrium (Binger and Hoffman 1989; Acemoglu et al. 2002; Acemoglu and
Robinson 2013). Less developed countries with institutions of poor quality may not
benefit from trade, provided that trade and institutions interact bi-directionally
(Segura-Cayuela 2006). This raises the question of institutional efficiency. How
does one measure it, which institutions are more efficient, what prevents institu-
tional evolution?

Discussion about institutional efficiency and how it relates to national economic
performance dates back to Adam Smith (1963). Since then, a bewildering array
of ideas has been introduced to public scrutiny about what affects economic per-
formance. Among the candidates for the determinants of growth are geography
and factor endowments (Diamond 1997), trade (Frankel and Romer 1999; Dollar
and Kraay 2003), human capital (Glaeser et al. 2004), national leaders (Jones and
Olken 2005), and, certainly, institutions (Acemoglu et al. 2001; Góes 2016). The
preponderance of evidence suggests that the latter may be the largest contributor
to economic success (Rosenberg et al. 1986; Hall and Jones 1999; Rodrik et al. 2004;
Acemoglu et al. 2014), but institutions have to be efficient.

Traditionally, adequate enforcement of property rights for a large fraction of the
society and equality before the law are mentioned when discussing economically
efficient institutions (North and Weingast 1989; Knack and Keefer 1995; Hall and
Jones 1999; Acemoglu et al. 2001). In the present research, we abstract from these
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ideas and slightly abuse the term ’institutions’ by limiting it to underlying determi-
nants of the payoff structure. Therefore, the notion of efficiency in this context is
confined to purely social welfare account. As emphasized in Acemoglu et al. (2002),
equilibrium institutions may be extractive and not possess conditions for economic
growth. In our paper, we do not discuss how effective our newly established institu-
tions are for long-run growth, but we are certain that they maximize social welfare
at present.

Due to the vagueness of our use of the term "institutions", one can locally think
of the process of institutional change as being synonymous to a political/economic
reform, and hereafter, we will use terms reform, institution and policy interchange-
ably. The question we set out to tackle is best illustrated by Fernandez and Rodrik
(1991). In their work, ex post beneficial reform does not carry the day ex ante
due to uncertainty at the individual level about future gains and losses. This is
the culprit that prevents the shift in our model as well, but rather than focusing
on modelling such a political conundrum, we concentrate on the practical ways to
promote an efficiency-enhancing reform in a democratic society with free and fair,
simple majority elections. We thus introduce an international benevolent agent
who, unlike in other recent similar models (Galiani et al. 2019), does not serve as
a provider of funds to compensate the members of the coalition that bears all the
costs, but eliminates the individual-specific uncertainty about the ex-post identities
of winners and losers. She does so by revealing ex-ante who will be drawn from the
losing to the winning group, so that these voters would be willing to abandon the
status quo and create the majority in favour of the alternative.

Inefficient policies are infamous for their ability to persist for prolonged periods
of time, even when a more efficient alternative is just around the corner. This
may be due to already mentioned individual-specific uncertainty (Fernandez and
Rodrik 1991), political failure to recognize cost of adjustment to the new policy as
sunk which causes even more extensive support in the future (Coate and Morris
1999), or a holdup problem (Espín-Sánchez 2017, Battaglini and Harstad 2016).
Inefficient water allocation in the cities of Lorca and Mula that are today parts
of Spain was stealing in welfare from the people for more than 700 years (Espín-
Sánchez 2017). Land policy in the New World may have prolonged higher extent of
inequality (Sokoloff and Engerman 2000). Dealing with feeble institutions can be a
dubious enterprise, especially if politicians are dynamically and/or time-inconsistent
(Harstad 2020). Conventional wisdom, in this case, holds that inefficient institutions
and political instruments are used strategically to the benefit of a ruling politician
with little or no account for the inconsistency (Alesina and Tabellini 1990; Battaglini
and Harstad 2020). In certain conditions, thus, autocratic regimes may do better,
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but not in others as they may, for instance, default on debt altogether where a
democratic leader would pay it back for the possibility of returning to the office in
the future (Amador 2003). Here, we do not assume dynamic inconsistency in voters
or in the incumbent politician, but it nonetheless arises as a structural attribute of
the model, suggesting that aggregate political inconsistency does not stem exlusively
from agents’ inconsistency. This is in line with the overwhelming majority of the
literature that features the inability to commit to decisions of yesterday and uses it
to explain inefficient institutional persistence. In section 1.4.2, we propose a solution
for this deadlock, which we dub a political equivalent of behavioural economics’
commitment device (Thaler and Benartzi 2004).

The problem of the commitment of the government to its promises is central to
our analysis, along with exploiting network externalities when countries are inter-
connected. For the mechanism designed in section 1.4.3, necessary assumptions are
voters’ far-sightedness (Dutta et al. 2005) and spillovers to ensure that technology
can spread between countries with no or minimal barriers3. There is no myopic
adjustment as there are no shocks to the model, which is crucial to ensure the com-
mon knowledge in all periods and, consequently, to establish the equilibrium path
to efficient institutions across the network of countries.

The paper is motivated by a seeming inability of national governments to pro-
mote emissions reduction in such a scale as to limit the average temperature increase
to 2◦C. The novelty of the approach used in the Paris Agreement, while supported
by some (Harstad 2023), was heavily criticized for the lack of adequacy and am-
bition (Gollier and Tirole 2015). Proponents of carbon pricing believe it is the
first-best solution to the game of climate change, however, for the complexity of
the task, it does not seem attainable, and if so, we need some simple mechanisms
that satisfy political constraints and at the same time deliver noticeable positive
results in an accelerated timeframe. How do we model policy in such a way as to
avoid a runaway climate change in the near future, when both politicians and voters
implicitly prefer this option, but the world is locked up in the inefficient status quo?
Our paper suggests three ways that are discussed in details in Sections 1.4.1, 1.4.2
and 1.4.3.

Assuming the main reason for the inefficient policy persistence is as suggested
in Fernandez and Rodrik (1991), we show that, identifying and constructing, from
within the majority in favour of the status quo, a coalition of voters who stand to
be the "winners" of the reform, serves to mitigate political constraints that prevent

3Bayer and Urpelainen (2013) show that technology transfer is not always possible and certain
conditions on the technology and on the host country must be met for the transfer to happen
successfully.
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it from being implemented. Moreover, even in the absence of dynamically inconsis-
tent preferences, delaying reform may be essential for its implementation precisely
because the winning coalition has incurred sunk cost and therefore is willing to vote
out the incumbent politician from office if the promise of reform is reneged on. As
noted by Thaler and Benartzi (2004), a commitment in advance entails performing
an action in the present which causes the transition to be irrevocable. Strategic
investment in adaptation and mitigation technologies can serve as such a commit-
ment device (Heuson et al. 2015). In our paper, voters’ coalitions play the role of
commitment device. The identification and construction of a winning coalition of
voters in a model of non-cooperative interaction is a political equivalent of such a
commitment device.

1.3 The Model and the Benchmark Result

1.3.1 Voter payoffs

There are three time periods, t = 1, 2, 3. A mass one of voters is divided into two
groups, G1 (initial mass µ0) and G2 (mass 1 − µ0), with µ0 > 0.5. At every t, a
political state is pt ∈ {a, b}, with a being the status quo, and b – the alternative
(post-reform) political state. The game starts in state a, preferred by the voters in
G1 who constitute the majority.

Voters can "move" between the groups, i.e., they can change their behaviour if
they find it utility-enhancing. Formally, per-period payoffs are defined as follows.

1. If i ∈ G1, she obtains α if a, the status quo, is the current political state, 0 if
b;

2. If i ∈ G2, her payoff is (α− δ) if a is the current political state, where δ > 0,
and β if b.

3. It costs c for a single person to "move" across groups. "Moving" between
the groups is a flawed but convenient term to express the idea that voters
can make changes to their lifestyles and become more or less environmentally
friendly. We will therefore use it in quotes to avoid unnecessary confusion.4

In our context, a represents business-as-usual, b – climate reform; voters in
G1 thus lead a high-carbon lifestyle, and voters in G2 have already made costly

4This is not to say that political shift directly triggers dynamics between the groups. It changes
the incentives that voters have to belong to a group which forces them to reconsider. Therefore, if
incentives (credibly) change for some external reasons prior to the shift or in the absence of such,
voters can "move" from one group to the other, but only ε of them will be able to do so.
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(reflected by δ) adjustments to reduce their carbon footprint.5 Therefore, δ is a
disutility of being environmentally friendly when high-carbon lifestyle is the norm
(state a), and c is the cost of adjustment when a climate reform is passed (state
b): the cost of buying an electric car, the inconvenience of commuting through a
car-free zone, the opportunity cost of time spent learning the basic principles of
recycling and plant-based diet, etc.

We assume that 2β − c > β > α > β − c > 0, so that voters in G1 have
no individual incentives to vote for b and "move" to G2 immediately, unless b is
expected to persist for at least another period after that. We also assume that at
the beginning of the game, no voter belonging to a specific group prefers to move
across to the other group, i.e., α− c < α− δ, or, equivalently, c > δ.6

For simplicity of exposition, we assume that voters do not discount future pay-
offs.7

1.3.2 The evolution of group membership

Mobility across groups is triggered whenever there is a shift in the prevailing political
state but not otherwise. This is because the payoffs are altered as a result, and being
in G2 becomes more attractive. Once the prevailing political state has shifted, we
assume that all voters who belong to the disadvantaged group simultaneously decide
whether or not to "move" across the groups. Of all those voters who choose to
"move", a fraction ε is chosen at random. Formally, group membership evolves as
follows:

1. if pt = pt−1, µt+1 = µt (set p0 = a);

2. for some externally defined and fixed ε ≥ 0, if pt ̸= pt−1,

(a) µt+1 = min{µt + ε, 1} if pt = a, where with probability one, a voter in

G1 remains in G1, and with probability max

{
1− ε

1− µt

, 0

}
, a voter in

G2 remains in G2, and
5We assume that voters prefer to belong to G2 voluntarily, knowing that, in the foreseeable

future, there is no guarantee that b would be implemented. This could be due to higher intrinsic
value of living a low-carbon lifestyle, e.g., for moral or ideological reasons.

6A different approach would entail that the longer a persists, the more voters from a disadvan-
taged group would want to "move" to G1.

7We have solved the model with exponential discounting and the results differ only quantita-
tively. We could have assumed quasi-hyperbolic discounting which is inherently time-inconsistent,
and the conclusions would inevitably be time-inconsistent too. But then, the result would be
dictated by the assumption, carrying less value than having the same result with the assumption
of time consistency in voters. We therefore settle on the simplest version of the model which still
features time inconsistency in its outcomes.
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(b) µt+1 = max{µt − ε, 0} if pt = b, where with probability one, a voter in

G2 remains in G2, and with probability max

{
1− ε

µt

, 0

}
, a voter in G1

remains in G1.

Hence,
ε

µ0

is a measure of the underlying mobility friction, so that ε = 0 is a

situation with maximum friction and ε = µ0 is a situation with no mobility frictions.
Exogeneity and rigidity of ε reflect the inertia of the economy, which for climate
reform purposes can be its dependence on fossil fuels for providing employment
opportunities or budget revenues. As Muttitt and Kartha (2020) compare, the
speed of transition away from coal in China and in Germany differs drastically and
is defined by the share of workforce the industry employs. They also suggest that
countries which rely heavily on oil revenues are constrained in their transitional
pace by how quickly these can be replaced: in Saudi Arabia, for instance, oil share
of budget revenue has decreased by 10 percentage points over the last 40 years, and
accounts for 85%. This can provide a rough estimate of an individually sustainable
transition pace.

Unfortunately, even in the countries with negligible oil revenues, the pace of
transition is still limited. Consider, for instance, the market for electric vehicles
(EV). For starters, the market would never be able to produce enough cars if sud-
denly everyone decided to go green, but even assuming no capital and production
constraints as a thought experiment, the environmental benefits of driving electric
cars would be reduced to naught. There is a whole field of research devoted to mea-
suring efficiency and environmental worth of EVs.8 They have uncovered several
drivers: electricity mix that charges the car, charging time, climate, and production
intensity. We will focus on electricity mix as it is a parameter that, unlike climate,
can be altered, but, unlike charging time, does not have a quick fix. To compare
GHG emissions of an EV to emissions of a car with an internal combustion engine
(ICE), one will either calculate marginal emissions (Graff Zivin et al. 2014) or life
cycle emissions (Archsmith et al. 2015). Both approaches have its challenges and
strengths, and often yield contradicting results. Life cycle emissions are more suit-
able for long-term planning and are sensitive to improvements in overall generation
mix, so for the near-term policy considerations, marginal emissions are arguable
more useful.

Marginal emissions estimation does not require one to know the fuel mix, and
also typically excludes renewables from the calculations. The results will only be

8Most of empirical research in this area builds on the US data which may affect the generalis-
ability of the results. However, the analyses of life cycle emissions that are performed using the
European or Chinese data generally are not in contradiction with those based on the US data
(Hawkins et al. 2013, Ji et al. 2012).
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precise if it is possible to identify the plant ’on the margin’ and the sequence of dis-
patching electricity generation sources is clear. As it stands, this condition holds in
the US, where nuclear and coal baseload plants are dispatched first, and if electric-
ity demand is not met, the "cleaner" plants with higher cost become engaged (Mc-
Carthy and Yang 2010).9 This implies that charging EVs during the recommended
off-peak hours leads to higher marginal emissions than charging them during peak
hours (Graff Zivin et al. 2014). However, marginal emissions also depend on the
region the power plant is located in. For instance, only in two regions (Western
interconnection and Texas) are emissions from charging an EV at night lower than
those from driving a hybrid vehicle (Graff Zivin et al. 2014), and only there, there
are environmental benefits from driving electric cars (Holland et al. 2016, Clin-
ton and Steinberg 2019)10. This necessitates careful geographical and timely EVs
market penetration: not all of the states are technologically prepared to preserve
environmental benefits associated with driving electric cars.

However, even those states and countries that can currently accommodate a
rapidly growing number of EVs still run the risk of losing this ability if the EVs
fleet is expanded too quickly. For instance, in Los Angeles it is predicted that
by 2030, EVs can achieve a significantly deeper market penetration and thus put
more energy load on the grid, while simultaneously lowering marginal emissions
contingent on coal phase-out in the region by 2025 (Kim and Rahimi 2014). Due
to grid overload, charging during the night may result in inadequate cooling of
the system’s transformers and their subsequent degradation, necessitating frequent
maintenance (Blumsack et al. 2008). Charging EVs during peak hours may lead to
electricity shortages and even blackouts. This may entail energy imports with higher
carbon intensity which will again raise marginal emissions negating the benefits of
coal phase-out.

Thus, the adoption rate of EVs should be on par with a transition in the energy
system, and since modifying the latter is a more effortful and complicated process,

9Dispatching model of generation sources in the UK differs from the one adopted by the US,
and coal is almost phased out. Moreover, the share of renewable energy derived from sun and wind
is higher, but due to the intermittent nature of these sources they can be dispatched at different
times of day. Therefore, emission intensity during the day may not have such a significant variation
and is expected to be lower than the US average. There are electricity providers in the UK that
guarantee 100% clean energy from renewable sources delivered to one’s house and charging point.
There are also trials of a vehicle-to-grid programme which uses plugged in EVs as batteries to
store renewable energy when it is generated until it is needed elsewhere. This reduces generation
emissions further.

10Archsmith et al. (2015) find that when accounting only for life cycle emissions, EVs will un-
doubtedly emit less GHGs than a comparable petrol car, which is in contradiction with the results
of Graff Zivin et al. (2014). This is due to including non-fossil fuel sources in their calculations
in the former study. However, they also establish that temperature effects are significant, and
in regions with colder climate and higher coal usage in power generation sector EVs can produce
similarly sized emissions to ICE vehicles.
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the substitution of ICE vehicles with EVs must happen at an exogenously defined
rate.

Therefore, even with a slow adoption, an environmentally sound technology can
be turned into a polluting one if the upstream technologies do not keep up with
the transition. This suggests that promoting a downstream technology such as EVs
should be done at a rate not exceeding the capacity of the electricity generation
system to provide the cars with clean energy. Modifying a system as complex as
electricity generation will inevitably run into many challenges. Power generation is
an example of what Gregory Unruh called a techno-institutional complex (2000a)
and Jochen Markard and co-authors – a socio-technical system (2012). Transi-
tion in such systems can be described as socio-technical transition that calls for
infrastructural, social and institutional shift and is likely to be incremental due to
path-dependence and carbon lock-in (Arthur 1989, Unruh 2000a), that together
define the extent to which politicians can exercise their power to make a change
(Unruh 2002). Thus, the rate of the transition is predefined by how quickly all of
the elements of the system can adapt to the change.

Structural changes of the scale required to mitigate climate change will necessar-
ily take time, and the speed of the transition for every country is mostly predeter-
mined by the degree of its fossil fuel dependency as well as social and institutional
inertia. The transition pace can be only marginally affected, and thus should be
treated as given and unchangeable, at least in the short term.

1.3.3 Voting, timeline and optimality

A policy pt at time period t is simply a proposal to implement either of the two
political states within that time period.

There is an incumbent politician at the beginning of t = 1 who proposes a
policy p1. After observing the policy chosen by the incumbent politician, an entrant
(drawn from an exogenous set of possible candidates) can choose to challenge the
incumbent by paying a cost h > 0. If there is more than one challenger, one is
chosen at random with equal probability. If there is no challenger, the incumbent
politician gets re-elected with probability one. If there is a challenger, she proposes
an alternative policy q1. Each voter votes for their preferred policy. The politician
with the majority of votes wins; if there is a tie, either candidate has a probability
0.5 of being elected.11

11We could have assumed that the incumbent politician has an advantage over any newcomer
which is translated into her having a higher probability of being elected when there is a tie, but
this assumption is irrelevant to the results of the model and we thus prefer to ignore it.
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The elected politician implements her policy and if it differs from the previous
period policy, voters "move" across the groups defining the distribution of the voters
in the subsequent period.

For simplicity of exposition, we assume that the incumbent politician in office
then obtains a per-period office rent consisting of a share e > 0 of the social payoff
at the implemented political state.12 We assume that h > ĥ ≡ 3β(1− µ0 + ε)− cε,
so that in no subgame an entrant will choose to challenge the incumbent when both
make identical policy proposals. Therefore, in equilibrium, as long as the incumbent
makes a proposal that commands a majority, she will not be challenged.13 The
elected politician from the preceding period becomes the incumbent in period t = 2,
at which point the political process described above is iterated.

The timeline within a period is depicted in Figure 1.1 below.

1. The share of voters in each group, µt, is defined.

2. An incumbent proposes a programme pt.

3. A challenger (if any) makes an alternative policy proposal qt and pays the
cost h (if several, then, first, they propose their policies, then, one of them is
randomly picked, finally, she pays the cost and gets to compete the incum-
bent).

4. Voters choose a new incumbent by the simple majority rule.

5. The winning politician implements proposed policy and if there is a change
in the status quo, voters from the disadvantaged group queue to "move" to
the advantaged group, ε of them gets picked. This defines µt+1 for the next
period.

6. Voters receive payoffs in accordance with the (new) state, politician receives
her share of the social payoff. This completes the process and in the next
period the game repeats from the top.

12This makes for a benevolent ruler whose payoff grows proportionally to social welfare. While
in some countries this may well be the case, corruption among government leaders is widespread
and states interested mostly in political rent do not seek to maximize (and consequently never
maximize) social welfare (Shleifer and Vishny 1993, Mauro 1995). More on this in section 1.6.

13We understand that this deprives the model from an element of political competition that
would normally be expected in the political economy models. However, not assuming an absolute
advantage for the incumbent at the very least would not introduce any interesting implications
to the model because it is unimportant for the solution. We could alter the model to have more
interaction between competing politicians, elements of lobbying and strategic policy proposals,
but this, intriguing as it is, is beyond the authors’ concern in this paper.
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Figure 1.1: The order of play within one (t = 1) period.

Before we proceed to the solution, we introduce one final assumption: we assume
that b is a socially efficient state in a sense that it is characterized by higher social
welfare. This is achieved by assuming that

3β − µ0c > 3(α− (1− µ0)δ) (1.1)

and
3β − µ0c > 3α− (1− µ0)c (1.2)

The former inequality guarantees that if the group mobility was absolute and
everyone from G1 could "move" to G2 at t = 1, then social welfare across the
whole game would be higher than if the voters stayed where they are. The latter
compares two extremes and states that social welfare is higher when everyone from
G1 "moves" to G2 at t = 1 rather than when everyone "moves" in the opposite
direction. With such definition of a socially optimal political state, we can never
reach the first-best solution, unless ε ≥ µ0, which is a trivially uninteresting case.
Therefore, we aim at achieving a constraint-optimal solution, which we define as a
political strategy that features the highest social welfare under existing constraints.

Unfortunately, social optimality of b does not imply its constraint optimality:
the change in social welfare is non-linear, and depends on the relative values of
the parameters and the starting point, i.e., lower ε and higher µ0 would imply
a significant loss when shifting to b and non-commensurate gains that would not
compensate for the losses even across the three periods. We therefore introduce a
notion of constraint-optimality. If the transition to b is constraint-optimal, then
it will lead to social welfare increase with given parameters. This assumption is
reflected by the following inequality:
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Figure 1.2: Relative gains and losses ex post (top figure) and ex
ante (bottom figure) implementation of b. Since expected losses are

negative, b will not be voted for.

3(1− µ0) (β − α + δ) + ε (3(β − α)− c) > 3α(µ0 − ε). (1.3)

The inequality ensures that the gains relative to the status quo are larger than
losses, justifying the transition to b at the earliest stage. The expression does not
calculate social welfare in absolute terms and rather compares the relative values
of gains and losses as a result of the political transition.14

Equation 1.3 also defines the social planner solution. Without this assumption
social planner solution would not exist, and any state could be constraint-optimal
depending on the relative parameter values. The assumption thus establishes the
earliest implementation of b as the welfare optimising policy.

Interestingly, Equation 1.3 alone does not mean that b will be adopted at t = 1.
If voters in G1 expect losses, they will not vote for b. In Figure 1.2, we show
schematically gains and losses of the two groups of the society when b is a welfare-
superior political state but does not carry through to being implemented. Voters
in G1 are shown to have expected losses rather than gains, which is not necessarily
the case and depends on the mobility across the groups: as will be shown in the
solution below, if ε < 3µ0

α

3β − c
, then expected payoff would indeed be negative

and efficient institutions would not be adopted. Alternatively, if ε ≥ 3µ0
α

3β − c
,

then voters in G1 expect to gain relative to the status quo and will vote for b. In
the figure, we illustrate the situation when mobility is too low.

14A similar condition in Fernandez and Rodrik (1991) is used to establish that reform is welfare
enhancing.
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However, mobility being high enough, i.e., ε ≥ 3µ0
α

3β − c
, is a sufficient (but

not a necessary) condition for the transition to be constraint-optimal. Assumption
1.3 is thus obsolete if the transition does take place at t = 1, but necessary if it
does not but should, because it would be welfare improving.15

Therefore, in what follows, we maintain that assumptions 1.1, 1.2 and 1.3 hold,
together with 2β−c > β > α > β−c and c > δ. It is worth noting that these many
restrictions hold for a non-empty open set of parameters. As the first example,
assume µ0 = 0.6 and the mobility is ε = 0.2. Whether the transition happens
depends on the relative values of other parameters. For instance, if α = 0.2, δ = 0.1,
and c = 0.8, then b will be adopted at t = 1 if β = 0.9 (expected gains of 0.03,
the boundary on ε equals 0.19), but it will never be adopted if β = 0.85 (expected
losses of -0.017, the boundary mobility is 0.206). In both cases, however, net change
of social welfare is positive: 0.98 in the former example, and 0.89 in the latter.

In the above example, the range of β is limited to β ∈ (0.8, 1), as calculated
from β > α > β − c with fixed values of α and c. Ceteris paribus, any value
from this range will result in a positive social welfare change and will be constraint-
optimal, but the reform will only be adopted without an intervention for β > 0.87.
Below this threshold, expected payoff to the majority is negative and uncertainty
elimination is needed to see the reform through.

Larger range for values of β will be available if we the overall magnitude of the
parameters is increased. For instance, consider α = 0.5, β = 1.3, c = 0.85, and
ε = 0.3, while keeping the rest unchanged. It is clear that for β ∈ (0.85, 1.35),
any specific parameter value will render the reform an improvement over the status
quo, but will only be adopted for β > 1.28, i.e., for the values of β for which the
majority’s expected payoff is positive.

For a more rigid economy with higher mobility frictions, it is easy to find param-
eter values that would fit the description of the model where a reform would be an
improvement, but it almost never contains the set of parameters where the reform
would be adopted on its own. Consider α = 0.85, β = 1, c = 0.9 > δ = 0.8, and
µ0 = 0.55 with ε = 0.1. Tweaking these variables while keeping them within the
welfare-improving range will never result in the threshold value of the mobility fric-
tions below ε∗ = 0.67, implying that the reform will never pass unless engineered,

15To contrast this with Fernandez and Rodrik (1991), in our model, the transition is never
welfare decreasing if it is voted for. This results from the way the payoff structure is set up:
expected payoff to the majority is always less than the total societal gains. Therefore, if expected
payoff is negative, ex post social net welfare gains may or may not be positive. But, if expected
payoff is positive, so is the net social welfare change. We cannot ever observe a reversal to the
status quo in our model.
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in which case it will be adopted within one period since 10% of the voters are more
than enough to tip the majority from 55% to 45%.

1.3.4 Benchmark result

Here, we establish the following benchmark result characterizing the subgame per-
fect equilibria of the three-period sequential game of reform.

Proposition 1.1. There is a cutoff value for domestic mobility frictions, call it ε̂,
such that the transition takes places for all ε ≥ ε̂.

(a) Along the equilibrium path of play, if ε < max{µ0− 0.5, 3µ0
α

3β − c
} ≡ ε̂, then

{pt = a : t = 1, 2, 3}; at each t ≥ 1, the incumbent proposes pt = a, and gets
re-elected. There is Inefficient Institutional Persistence.

(b) Along the equilibrium path of play, if ε ≥ max{µ0 − 0.5, 3µ0
α

3β − c
} ≡ ε̂,

{pt = b : t = 1, 2, 3}; at each t ≥ 1, the incumbent proposes pt = b, and gets
re-elected. Efficiency-enhancing reform is adopted at an early stage.

Proof. Note first that µt ≤ µ0 for each t = 1, 2, 3. We solve the model using
backward induction.

At t = 3, for any p2 ∈ {a, b}, we examine four subgames.

1. If µ2 > 0.5, we need to consider two scenarios:

• If µ2 − ε > 0.5, the incumbent politician will make a policy proposal
p3 = a, no challenger will arise and the incumbent will be re-elected with
probability one and implement a;

• If µ2 − ε < 0.5, then those in G1 will compare α from voting for a

and
ε

µ2

(β − c) +

(
1− ε

µ2

)
× 0 =

ε

µ2

(β − c) from voting for b. Since

α > β − c and
ε

µ2

< 1, we have α >
ε

µ2

(β − c), and thus voting for b

is not associated with any gain for those in G1, and they will therefore
vote for a. The incumbent politician will propose and implement a.
Notice that the politician should only be concerned with the payoff to
the winning group (i.e., the majority at t), because she cannot maximize
social payoff directly by imposing a Pareto superior alternative on the
society.

2. If µ2 < 0.5, again, there are two scenarios:
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• If µ2 + ε < 0.5, the incumbent politician will make a policy proposal
p3 = b; no challenger will arise and the incumbent will be re-elected with
probability one and implement b.

• If µ2 − ε < 0.5, then those in G2 can expect β from voting for b, and
ε

1− µ2

(α − c) +
ε

1− µ2

β <
ε

1− µ2

β +
ε

1− µ2

β = β, which means that

voters in G2, once b is implemented, will not want to reverse this decision
at t = 2. Hence, the politician will propose b and get re-elected.

Hence, a will be proposed and implemented when µ2 > 0.5, b will be proposed
and implemented when µ2 < 0.5, regardless of the size of ε.

At t = 2, for any p1 ∈ {a, b}, anticipating the outcome of the subgame at t = 3,
there are several possible cases to look at.

1. If µ1 > 0.5, and

• µ1 − ε > 0.5, then the incumbent politician will propose p2 = a; no
challenger will arise and the incumbent will be re-elected with probability
one.

• µ1 − ε < 0.5, then voters in G1 anticipate that voting for a proposal
p2 = b will result in the expected payoff

ε

µ1

(2β − c) +

(
1− ε

µ1

)
· 0 =

ε

µ1

(2β − c),

while voting for proposal p2 = a will result in the expected payoff of 2α.
Therefore, the incumbent will make the policy proposal p2 = b if and
only if

ε

µ1

(2β − c) ≥ 2α ⇐⇒ ε ≥ 2µ1
α

2β − c
;

otherwise, the incumbent will make the policy proposal p2 = a; no chal-
lenger will arise and the incumbent will be re-elected with probability
one.

2. If µ1 < 0.5, and

• µ1 + ε < 0.5, then the incumbent politician will propose the policy p2 =

b; no challenger will arise and the incumbent will be re-elected with
probability one.
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• µ1 + ε > 0.5, then voters in G2 anticipate that voting for a proposal
p2 = a will result in the expected payoff

ε

1− µ1

(2α− c) +

(
1− ε

1− µ1

)
(2(α− δ)) = 2(α− δ) +

ε

1− µ1

(2δ − c),

while voting for a proposal p2 = b will result in the expected payoff of
2β. Therefore, the incumbent will make the policy proposal p2 = a if
and only if

2(α− δ) +
ε

1− µ1

(2δ − c) ≥ 2β;

otherwise, she will make the policy proposal p2 = b. However, note that
2β > 2α > 2α−2δ+

ε

1− µ1

(2δ−c), because −2δ+
ε

1− µ1

(2δ−c) < 0, and

thus, voters in G2 will never vote for a once b is implemented. Therefore,
the incumbent politician will propose b, no challenger will arise and the
incumbent will be re-elected with probability one.

At t = 1, given that the status quo is a and µ0 > 0.5, anticipating the outcome
of the subgame at t = 2, there are only two possible scenarios:

• If µ0−ε > 0.5, then the incumbent politician will propose p1 = a, no challenger
will arise and the incumbent will be re-elected with probability one. Note that
we obtain this conclusion even though each incumbent politician, conditional
on remaining in power, prefers the alternative b to a, but any attempt to
alter the status quo implies that the incumbent politician loses power with
probability one.

• If µ0 − ε < 0.5, then voters in G1 anticipate that expected payoff from voting
for a proposal p1 = a will be

α +
ε

µ0

(2β − c) if ε ≥ 2µ0
α

2β − c
,

3α if ε < 2µ0
α

2β − c
,

while from voting for the proposal p1 = b it will be
ε

µ0

(3β− c) +

(
1− ε

µ0

)
×

(3 · 0) = ε

µ0

(3β − c). Therefore, voting will take place as follows:

if ε ≥ 2µ0
α

2β − c
, vote b iff ε ≥ µ0

α

β
, otherwise vote a,

if ε < 2µ0
α

2β − c
, vote b iff ε ≥ 3µ0

α

3β − c
, otherwise vote a.
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Note that µ0
α

β
< 3µ0

α

3β − c
< 2µ0

α

2β − c
. Thus, the incumbent will make

the policy proposal p1 = b if and only if

ε ≥ 3µ0
α

3β − c
,

otherwise, the incumbent will make the policy proposal p1 = a, no challenger
will arise and the incumbent will be re-elected with probability one.

The cut-off value for ε is therefore ε̂ = max{µ0 − 0.5, 3µ0
α

3β − c
}. This completes

the proof.

Proposition 1 calculates the bounds on the mobility friction above which there
is inefficient institutional persistence and below there is early adoption of efficient
institutions. The closer µ0 is to 0.5, the lower is the bound; the lower is α (the
instantaneous loss in payoff to a voter in G1 when the political state shifts from a

to b), the lower is the bound; the higher is 3β − c (the future gain in payoff to a
member of G1 who successfully becomes a member of G2 following a shift in the
political status quo from a to b), the lower is the bound.

1.4 Winning coalitions and reform

The benchmark result identifies the parameter values for which reform is never
implemented even though it is constraint-optimal to do so: when ε < max{µ0 −
0.5, 3µ0

α

3β − c
}. In this section, we study mechanisms where, before reform is

proposed as a policy option, a group of voters from within the majority that prefer
the status quo is identified to enable implementation of the reform.

In what follows, it is assumed that the incumbent cannot directly manipulate
the values of the underlying payoff parameters and takes mobility frictions as given:
ε < max{µ0 − 0.5, 3µ0

α

3β − c
} so that, by Proposition 1, the reform will never take

place. Parameter combinations corresponding to different mechanisms are depicted
in Figure 1.3.

1.4.1 Engineering majority in favour of the alternative

Consider an incumbent whose goal is to stay in power while trying to implement
the reform.

From the proof of Proposition 1, note that when µ0 − 0.5 < ε < 3µ0
α

3β − c
,

if there is a way to engineer a switch to b at t = 1, in equilibrium, at t = 2, b
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ε
µ0 − 0.5

2

µ0 − 0.5 3µ0
α

3β − c

ε
µ0 − 0.5

2
3µ0

α

3β − c
µ0 − 0.5

Delayed adoptionEngineering majority Proposition 1

Delayed adoption Proposition 1

Figure 1.3: The ranges of ε that permit a political transition as a
result of applying a particular mechanism.

continues to persist. The reason for the persistence of the inefficient status quo in
the above scenario is that although voters in G1 realise that the switch to b at t = 1

will ensure that b prevails thereafter, the probability of any individual voter in G1

of being able to actually "move" to G2 is small and expected gain is insufficient for
b to payoff-dominate a.

So how can the majority in favour of the reform be engineered?
The intervention that might work in this setting is to eliminate individual-

specific uncertainty by ensuring that all voters belonging to a specific subset of
G1, say G′

1, of mass ε, are guaranteed to become reform winners if they vote for b

(at t = 1). Straightforwardly, once such a subset is identified, computations sym-
metric to those underlying Proposition 1 will ensure that if offered a choice between
a and b, all voters in G′

1 ∪ G2 will vote for b at t = 1. Specifically, those in G′
1,

predicting the stability of b in the future, expect with certainty to receive 3β − c

from voting for b, and assuming that 3β−c > 3α, they will vote for b. Together with
voters in G2, they form the mass sufficient to pass the reform, since 1−µ0+ε > 0.5.

Such transition could also take place at t = 2 (but not at t = 3, due to insufficient
time left to compensate those who "moved" and had to pay the cost, as β− c < α),
however, transition at t = 1 is welfare-superior and therefore preferred.

Proposition 1.2. Provided that µ0 − 0.5 < ε < 3µ0
α

3β − c
and 3β − c ≥ 3α, there

exists G′
1 ⊂ G1 of early "movers", such that G′

1 ∪ G2 has a mass greater than 0.5,
which ensures that the reform is adopted at t = 1.16

Proof.
At t = 3, the solution is the same as in Section 1.3.4: as long as µ2 > 0.5, for any

p2 ∈ {a, b}, the incumbent will suggest p3 = a and win. This is due to insufficient
16Since all the sets in our model are subsets of the continuum of voters, we cannot apply the

concept of cardinality to compare them. Therefore, we resort to term "mass", which is synonymous
to voters’ share.
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time for the "movers" to make up for the foregone payoff at t = 3: (β − c) is under
no circumstances preferred to α, and whether ε of the voters in G1 are aware of
their "move" to G2 in advance has no bearing on their decision.

It is worth pointing out that since the earliest adoption of reform is welfare
dominant, we focus on t = 1. This implies that µ1 = µ0 − ε < 0.5, and at
t = 2, we only need to consider two subgames. To simplify further, recall that
when µ1 < 0.5, both subgames result in the same outcome, namely, b persists once
adopted. Therefore, at t = 2, conditional on the engineering having taken place at
t = 1, b will continue to prevail. Note, that here, ε < 3µ0

α

3β − c
, and therefore, it is

also true that ε < 2µ0
α

2β − c
. Thus, there is no way b is voted for at t = 2 without

prior engineering, and the subgames where µ1 > 0.5 will always see a implemented.
At t = 1, given the status quo is a, in contrast with the benchmark, we will only

look at one case, because, by the limitation of this mechanism, it is necessary to have
µ0− ε < 0.5. Thus, ε ⊂ G1 who form G′

1, predicting the stability of b in the future,
expect with certainty to receive 3β−c from voting for b. Provided that 3β−c > 3α,
those in G′

1 will vote for b, so will those in G2, and since 1 − µ0 + ε > 0.5, the
incumbent politician will propose p1 = b, which will subsequently be implemented.

Contrast Proposition 1.2 with an example of a trade reform found in Fernandez
and Rodrik (1991). They describe a small economy which is considering a decrease
in a tariff. This will change the relative prices of the two goods and make working in
one sector more attractive. Relocating between the sectors is costly for individuals,
but the cost is not known in advance; it is revealed only after the relocation has
taken place. An example is constructed to show that there exist circumstances under
which a welfare-enhancing trade reform would not be adopted when workers do not
know their relocation cost in advance, but would if this uncertainty was somehow
eliminated. Based on the heterogeneity of individual costs, they demonstrate that
there exists a value of the cost for which everyone with lower cost changes the sector
and votes for the reform, and everyone with higher cost does not, but that the reform
is passed. The group of workers for whom it is "cheaper" to relocate are the ones
ensuring that the majority is in favour of the reform. Unlike in our model, this
group is not of a fixed size, and the reform adoption is ensured by establishing that
there exists such value of the tariff. Proposition 1.2, on the other hand, establishes
existence of such group, taking the threshold value as given. In Fernandez and
Rodrik (1991), there is no limit on how many workers can relocate between the
sectors, but equally there is no lower bound in a sense that a new tariff value has to
be carefully chosen to ensure that enough workers decide to relocate. In contrast,
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in our model, if there is a chance of engineering the reform, there are always more
than enough voters to choose from to form the ex post majority. Thus, unlike
in Fernandez and Rodrik (1991), the reform itself does not matter in our paper
(i.e., the tariff value does not have to be chosen strategically), the state of the
economy does, which allows for a wider range of social issues to be resolved within
our framework. And most importantly, Fernandez and Rodrik (1991) do not discuss
how the uncertainty can be eliminated. Below, we propose several approaches to
this crucial question.

The marker identifying the subset G′
1 could, for instance, be political orientation.

Research suggests that liberals are more likely than conservatives to be concerned
about sustainable consumption and act accordingly (Watkins et al. 2016). This is
a consequence of their moral values such as concern for fairness and social justice.
The authors conclude that since liberals are more responsive, a policy should target
them specifically with the messages that appeal to the moral foundations of their
choices.

Liberals are also more likely to progress up the consumption hierarchy to harder
sustainable consumption practices that require more commitment, discipline and
personal sacrifice. According to Wooliscroft et al. (2014), consumers pass through
certain stages in their ethical (sustainable) choices. People progress from easier
ethical consumption actions to harder ones (Watkins et al. 2016) and can be in
different stages for different behaviours. Particular ethical consumption actions
tend to be synchronised. Policymakers can thus promote behaviour that is usually
paired with another ethical choice in an area if they know that the latter is already
being performed there. This is in line with suggestions drawn from evolutionary
economics by Marechal and Lazaric (2010), who propose to incentivize consumers
using non-market mechanisms that are tailored to specific characteristics of targeted
groups.

Alternatively, if agents have positive but small heterogeneous queuing costs (for
consistency with our existing computations, we will need to assume that the queuing
costs are small enough so that it is risk-dominant for all voters in the disadvantaged
group to queue up whenever there is a shift in the political status quo), G′

1 could
be constructed on the grounds of economic efficiency, i.e. the subset of agents in G1

whose moving costs across the two groups is lowest. Another possibility is to create
a first mover advantage in moving out of G1 by compensating the first ε voters in
the queue.

Acting on the supply side, politicians could also identify a specific industry
(or firms within an industry) and target it with subsidies to ensure a switch to a
low carbon technology. In this case, governments may want to start from creating
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niche markets and managing them strategically to achieve a technological regime
shift. This implies a government trying on a role of a catalyst and facilitator rather
than a regulator or benefactor (Kemp et al. 1998). Marechal and Lazaric (2010)
also note that the obstacles to wider implementation of efficient emission-reducing
investments are likely of non-economic nature and advise to target "lead users",
i.e., early adopters, which is another way to identify a pivotal group of consumers
for the mechanism discussed here. Similarly, when it is easier to tax the "losers"
than to pick "winners", the regulator can tax a technology without a learning
potential rather than trying to identify and subsidise the most dynamically efficient
one (Kalkuhl et al. 2012). This can also happen if the benefits of a policy are
spread among many, while the costs fall on the few. It might be wise in such case
to compensate all or selected (pivotal) "losers" to weaken anti-regulatory coalitions
(Oye and Maxwell 1994).

In effect, the argument above demonstrates that by discriminating between
agents in G1 and favouring voters belonging to a carefully chosen subset G′

1 over
other agents in G1, a majority in favour of b is constructed and reform is imple-
mented immediately.

1.4.2 Delayed Adoption as a Commitment Device

In this subsection, we consider a situation where the critical mass required to im-
plement the reform can only be reached if the mobility constraint within a period is
violated. We continue to assume that the values of the underlying payoff parameters
cannot be directly manipulated.

By assumption, voters have no incentives to make costly adjustments to their
lifestyle preceding the changes to climate legislation. However, as seen from the
benchmark solution, b can be implemented at t = 2, provided that ε of farsighted
voters in G1 "move" to G2 at t = 1, before the reform is proposed. They will
therefore need a guarantee that the reform will be carried out in the next period.
And although commitment issues are ubiquitous in policy making, here, the group
of early adopters of low-carbon lifestyle act themselves as a commitment device:
they will hold politician’s feet to the fire if the policy is not enacted. They are
the ones who forfeit some of their benefits in the current period in anticipation of
recovering these losses in the future when the status quo changes. Existence of such
subset of early adopters is necessary, because the transition cannot and does not
take place in the same period.

This idea can be re-framed in terms of Coate and Morris (1999) who hypothesize
that voters take actions to benefit from a newly introduced economic policy, which
increases their willingness to pay for the policy in the future, which in turn translates
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ε

exogenously
given ε

ε∗t=1 = 3µ0
α

3β − c

ε∗∗t=2 = 2µ0
α

2β − c+ 2α

persistence adoption

ε∗t=2 = 2µ0
α

2β − c

persistence adoption

Figure 1.4: Comparison of the boundary values for ε with and
without ex ante displacement of ε of voters to G2. Delayed adoption
mechanism permits a political transition to take place with lower
exogenously given mobility. Note that ε∗t=1 must be greater than ε
that is given for Proposition 1 (inefficient institutional persistence)
to hold. At the same time, ε∗∗t=2 must be below ε and therefore below

ε∗t=1 too. The latter would be true if α >
c

6
.

into pressure to retain the policy. They use this argument to explain why inefficient
policies persist, but it can equally be used to forcefully make desirable policies stick.
They model a situation where a policy that provides temporary efficient benefits
would be forgone because voters predict its persistence once implemented, which
gives rise to political failure. However, by the same logic, if a policy was somehow
passed which forces some voters to pay the cost to benefit from it ("move" between
the groups in our model, or relocate between the sectors in the terminology of
Coate and Morris (1999)), then it would persist without external help, in line with
Proposition 1.1.

Delayed reform implementation can be described as follows. At t = 1, the
incumbent can propose that an ε fraction of agents be given an option to "move"
between the groups. In other words, a carefully identified share of voters among
the current majority G1 is targeted to alter their lifestyle while the status quo is
maintained. Then, as we know from the benchmark solution, at t = 2, voters will
choose b if ε ≥ 2µ1

α

2β − c
. Provided that some voters "moved" to G2 at t = 1,

µ1 = µ0 − ε, and, to implement b, we now require ε ≥ 2µ0
α

2β − c+ 2α
. As long as

this condition holds, b will be implemented at t = 2 (see Figure 1.4).
The only thing left to check are the incentives of the early adopters – their

expected future gains have to exceed immediate losses. If b is implemented at

t = 2, they compare α − δ − c + 2β with 3α, and so long as β ≥ α +
δ + c

2
, they

will agree to "move" to G2 at t = 1 at their own (temporary) expense.
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Proposition 1.3. Along the equilibrium path of play, if µ0 − ε > 0.5 > µ0 − 2ε,

β ≥ α +
δ + c

2
and ε > 2µ0

α

2β − c+ 2α
, then p1 = a, p2 = p3 = b; at t = 1, the

incumbent politician proposes pt = a and ε fraction of voters in G1 become early
adopters at t = 1, while at t ≥ 2, she proposes pt = b and gets re-elected. Socially
efficient policy is adopted with a delay of one period.

Proof. At t = 3, the solution is the same as in Section 1.3.4.
At t = 2, we only consider the subgame where µ1 > 0.5 and µ1− ε < 0.5. As we

know from the benchmark solution, voters will choose b if ε ≥ 2µ1
α

2β − c
. Thus,

when some voters "move" to G2 at t = 0, µ1 = µ0 − ε, and, to promote b, we now
require ε ≥ 2µ0

α

2β − c+ 2α
. As long as this condition holds, b will be implemented

at t = 2 . At t = 1, assuming µ0 − ε > 0.5 > µ0 − 2ε, we only need to examine
the incentives of the early adopters – they have to find future payoff gains sufficient
to offset immediate losses. Since they expect the transition to take place at t = 2,

they compare α− δ− c+2β with 3α, and so long as β ≥ α+
δ + c

2
, expected payoff

from moving to G2 at t = 1 is higher than from choosing not to do so. They will
prefer to embrace personal changes ahead of the political transition.

At first glance, after ε of voters relocate at t = 1, the society ends up in the
same conundrum as in Proposition 1.1 with ε < 3µ0

α

3β − c
, where the reform will

still not pass without further intervention. However, the Proposition 1.3 works not
by just relocating ε of voters, but by changing the lower bound required for the
reform to come to pass on its own. Once the new boundary value on mobility
frictions is below the one given exogenously, the transition will automatically take
place because voters’ expected payoff from supporting the reform is now positive.
Therefore, the share of voters who have been inconvenienced prior to the reform,
perform the role of a commitment device in a sense that they lower the boundary
value which allows the transition to take place, and should an incumbent politician
offer to stay in the old political state at t = 2, she will be challenged and lose the
office, because the society now is ready for a change.

It is helpful to illustrate the argument with an example. Consider parameter
values in a similar range as before: α = 0.35, β = 1.5, c = 1.2, δ = 0.8, ε = 0.2, and
µ0 = 0.71. Evidently, it takes two voters’ relocation to see the pro-reform share,
1 − µt, exceed half, therefore the reform can only be adopted with a delay, if at
all. Without an intervention, the boundary on ε is equal to ε∗ = 0.226 > ε = 0.2.
However, once ε share of voters pay the cost and move at t = 0, the new boundary
value become ε∗∗ = 0.199 < ε, and thus, at t = 2, the transition will take place as
per (slightly modified) Proposition 1.1, without any further meddling.
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One can also imagine an alternative narrative to Proposition 1.3 in a form of
endogenous mobility frictions. Instead of "moving" ε of voters from G1 to G2 ahead
of the transition, and if manipulating the rigidity of the economy was possible, an
incumbent could invest at t = 1 in lowering future mobility frictions, so that, with
exogenously given boundary value ε∗t=2, ε increases. Note that since the game only
has three periods, the boundary values on mobility frictions calculated with the
reform passing at t = 1 and at t = 2 are different, and the later the transition takes
place, the higher the required value is. This way, instead of adjusting the boundary
value, it is taken as given, and mobility frictions are changed.

Using numerical example from above, the boundary value for the transition
to take place at t = 1 equals 0.226, but, ceteris paribus, the same value for the
transition to take place at t = 2 equals 0.276. Therefore, to pass the reform in the
second period, the investment at t = 1 would have to increase ε from o.2 to above
0.276.

If such manipulation is possible, then it can serve as a signal of commitment
of the incumbent to the new green policy. This is similar to the results of the
analysis conducted by Harstad (2020) who suggests that, when politicians are time-
inconsistent, the best course of action for them is to invest strategically in tech-
nologies that are complements to future investments or are further upstream in
supply chain. Referring to previously discussed example with electric vehicles, this
approach would imply investing in renewable electricity to ensure that more electric
cars can hit the road in the coming years without losing environmental benefits that
come with it.

As it stands, however, Proposition 1.3 relies on a well-established idea of build-
ing constituency in favour of the transition; those with vested interest in moving
away from the status quo. Green policies, for instance, create constituencies that
are invested in decarbonisation. As time passes, such groups will form powerful
coalitions that are opposed to policy regression, thus providing credibility to gov-
ernment’s intentions. For lengthy transitions such as global decarbonisation that
are likely to take decades, credible policy commitment is critical.

Credible policy commitment is critical for climate policy. Green innovations will
not take off being solely driven by the market (Meadowcroft 2011). Such transition
is a long-term process, which would benefit from targeted industry-specific innova-
tion policies (Meckling et al. 2015). Any policy creates those with a vested interest
in perpetuating it. Green policies create constituencies that are invested in decar-
bonisation. As time passes, they will create coalitions that are opposed to policy
regression and are in favour of tougher regulations. Positive feedback will ensure
that such coalitions get stronger over time allowing policies to be passed smoother.
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To do so, initially a policy should be specific and targeted at a certain industry or
group of people. It can be a market policy that creates or restructures incentives
or groups empowerment through social movement (Bernstein and Hoffmann 2018).

To create groups with vested interest, a policy initially should be specific and
targeted at a certain industry or group of people. It can be a market policy that
creates or restructures incentives, empowers groups through social movement (Bern-
stein and Hoffmann 2018). Later, when the policy is established and well rooted,
it can become broad and less targeted. The sequence of political measures is of
utmost importance here, and before a programme can be introduced, building soci-
etal and strategic business support is necessary (Geels et al. 2017). And, if revenues
from a decarbonisation programme are reallocated to public, public scrutiny will be
strongly encouraged and the government will have less incentive to reverse or not
comply with the policy (Brunner et al. 2012).

This parallels the conclusions made by Harstad (2020) about commitment-like
role of technology. A time-inconsistent policymaker can commit to future decisions
by strategically investing in capital to alter the costs or benefits of future actions,
such as a subsidy on green technology. Moreover, in line with our recommendation
to create niche market and target early adopters, he proposes to invest more in
upstream technologies because they influence all the subsequent steps.

1.4.3 Exploiting network externalities

When a techno-institutional transition is engineered in one country, how does this
reflect on domestic policies and economies of other nations? In other words, can
a transition be engineered in more than one country when an outside agent only
targets one?

Almost all of the countries today are part of one or more networks for trade,
geographical, ethnic or other reasons. There is a multitude of international agree-
ments that are signed and ratified by those countries, legally binding them to act in
a certain way and defining constraints on the actions that they do have discretion
in. Crucially, actions of a significantly large and important members of the network
commonly have effect on other members’ incentives and possibly even choice sets;
i.e., introduction of trade barriers will have consequences for the importing country
as well as for the importers themselves. This directed link can be explored and
exploited.

This section is a natural extension of the mechanisms introduced above. If a
transition is possible to engineer in one country, by capitalizing on the connections
nations have with one another, the transition may be possible to engineer in a
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network of countries, using only limited resources. Below we discuss the conditions
for this to be achievable and examples that illustrate our argument.

Assume now that there are n countries, i = 1, ..., n, that make up a connected
network17. Within each country, the game is largely the same: there are two groups
of voters, Gi

1 (initial mass µi
0) and Gi

2 (mass 1 − µi
0), who choose between two

political states, pit ∈ {a, b}, starting at a. Political state of the whole network at
t is a vector pt = (pit : i = 1, ..., n). There are no alterations to the original model
other than an obvious change of notations.

The key modelling change is that the payoffs within each country will now
depend on the network structure. For tractability, only one payoff value is state-
dependent.18

The per-period payoffs to voters in country i are:

1. if k ∈ Gi
1, αi (pt) if a is the current political state, 0 if b is the current political

state;

2. if k ∈ Gi
2, αi(pt) − δi if a is the current political state, βi otherwise. The

payoff is therefore increasing in the number of countries that have undergone
the transition.

A helpful illustration of the current setup is an introduction of tougher envi-
ronmental production standards or a complete ban of certain (common) chemicals
from the production cycle by a country that relies on import to fully satisfy its
domestic demand. This unilateral action forces importers to readjust causing their
incentives structure to change. Their payoff from enacting similar environmental
standards is now higher.

Let pa
t = (pit = a : i = 1, ..., n).

The costs of "movement" and mobility frictions are country-specific and there is
no change in the way we specify how group membership evolves. Political state b is
still assumed socially and constraint-optimal for the entire network of countries at
t = 0, although within each country any member of the advantaged group is strictly
worse off under the status quo if the network as a whole shifts to the alternative.

17The concept of connectivity is borrowed from the graph theory but the terms are used here
in a more general sense.

18Pure simplification that has no bearing on the result. The choice of the parameter that is
network-structure-dependent is also strategic to simplify the search for the borderline condition.
Any other payoff structure could be used and interpretation of the results should not be built on
a particular specification used.
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Suppose that an outside agent has a limited quantity of resources to play with.
Also, assume that there is a pivotal country in this network which sets in motion
the process of transition for the whole network19.

To illustrate how such a mechanism might work, we need some notations. For
any non-empty subset of countries C, let

pC
t =

pit = b if i ∈ C

pit = a if i /∈ C.

For each country i, assume that there exists a non-empty subset of countries
Ci = {i′ < i} such that αi

1

(
pCi
t

)
< 0. Ci may thus be interpreted as a set of

countries that for i, if all switch to b, make up necessary and sufficient critical mass
to push the majority payoff to turn negative, which consequently makes b more
attractive. Note that under this assumption, country 1 is a pivotal member of the
network and political shift in it triggers a shift in all other countries. Interestingly,
mobility frictions in all but a pivotal country are unimportant. Their defining role is
essentially assumed away since the increase in the social payoff is of the magnitude
that matches actual mobility and its boundary value for the transition to take place.

Depending on mobility frictions of a pivotal country, different policies are avail-

able to the outside agent. If ε1 is not too small, ε1 > µ1
0−0.5 and ε > 3µ0

α1(pa
t )

3β1 − c1
, b

will be implemented trivially. If either of the conditions does not hold, the transition
must be engineered. This can be achieved using any appropriate policy, including
the two mechanisms described above.

The easiest to illustrate is a subsidy, s. An outside agent would have to subsidize
voters in G1

1 or G2 so that

1. either ε1 >
3µ1

0α
1(pa

t )

3β1 + s− c1
, if ε1 > µ1

0 − 0.5,

2. or α1
1 (p

a
t ) < s otherwise.

Although one option may be cheaper, the outside agent will have to choose
based on the circumstances, but both approaches ensure that, assuming all other
countries vote for a, it is a dominant strategy for voters in country 1 to vote for b at
t = 1. If the transition in country 1 takes place, voters in other countries, correctly
predicting each other’s behaviour and payoff, will vote for b at t = 2. Assuming
that transition to b at that period is still constraint-optimal, an outside agent thus
secures a switch to the socially efficient political state globally.

19Might be a set of such pivotal countries. This assumption is irrelevant from the conceptual
point of view.
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Therefore, in our model, a (benevolent) international agent always improves on
the political situation in a country, and, by extension, in a group of countries. Con-
trast this with the findings of Galiani et al. (2019) who, as a result of their analysis,
posit that foreign funds make reforms as well as reversals more likely, especially if
an international agent is myopic and not fully aware of potential reversals. The
welfare in that case can be lower than with no intervention at all. The result is
due to the possibility of transfers from the winners to the losers of the reform, that
are announced before the election and are meant to provide incentive for future
losers to still vote for the reform. As in Fernandez and Rodrik (1991), uncertainty
about the ex-post welfare distribution is present, but unlike there, their identities
are known; what is not known is who among the losers will get compensated, since
not everyone will. The last part bears more resemblance to our model, if we ignore
different lexical choices between the two papers. The idea that a share of losers
would have to be compensated is the same as saying that a share of voters would
be drawn from one production sector to another, or would have to "move" groups,
because those are precisely the voters who will benefit from the new policy as if
they were compensated. The major difference is that we do not assume the pos-
sibility of transfers, since the ruling party cannot credibly commit to these after
the reform has passed. This assumption is however relaxed in the case of external
agency and we allow for a subsidy as a viable option of inducing a transition. It
seems more likely and more readily accepted by the public in a pivotal country that
an international organisation provides funds rather than a way to handpick future
reform beneficiaries.

For instance, a successful policy implemented by one country can encourage
other countries to copy the approach, providing necessary feedback to spur a rapid
development of a relevant market on an international scale. Such was the tale of
the solar energy sector: the dynamics between Germany and China, their different
stages of development and complementarity provided the stage for technological
innovation system growth and global expansion in the field of solar PV panels,
encouraging other countries to adopt similar policies, further contributing to the
global market development (Quitzow 2015). While this particular example illus-
trates more of a bidirectional influence between two economies, it generally falls
under the umbrella of the international technology transfer, knowledge spillovers
and innovation diffusion. There is a bewildering amount of work done in these
areas, but taking a cursory look, some research suggests that before being adopted
worldwide, a technological innovation is accepted by one country, from which it may
or may not spread to others (Beise 2004). This country will then become a lead
market. There are ways to assess a lead market potential for an international agent
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to then act based upon the assessment results (Beise and Cleff 2004). The authors
establish several key attributes of a country that increase the chance of successful
innovation adoption. Although the article is written from an organisational per-
spective, it can be of use for an international policymaker looking to start a rapid
transition away from fossil fuel intensive technologies to yet more expensive and less
developed environmentally friendly technologies. Transnational linkages will then
transfer the impact from the lead market to the followers (Gosens and Lu 2013).

Engineering transition in a market with a global lead potential is a different
question, and sometimes subsidising it is inevitable. Even though subsidies can
be suboptimal to taxes, due to political and institutional constraints, they may
sometimes be the best available option. Welfare efficiency of different subsidies is not
easily estimated empirically, especially when distortionary taxes are present (Parry
1998), and having an external funder therefore bypasses this efficiency ambiguity.
With funds coming from an international organization such as Green Climate Fund,
Children’s Investment Fund Foundation, World Bank, etc., welfare improvement in
the recipient country is near certain, and the main focus shifts to monitoring how
the funds are being utilised. Provided that conditional aid and monitoring are
possible, subsidising a pivotal country in a network may well be justified.20

Generally speaking, being part of an international network means that the ben-
efits from implementing more sustainable practices are higher than in a stand-alone
situation and the burden is shared by using a second-mover advantage and relying
on experience of other members. Our model thus suggests that instead of focusing
on creating an agreement which most countries would ratify, an international in-
stitution such as the United Nations should focus on convincing pivotal countries
to make a transition first, so that the rest of the world would follow without much
more nudging. The US and China as the biggest emitters have to be on board
with the rest of the world’s intention to mitigate climate change; without them,
any agreement to decrease global GHG emissions is doomed. The change will have
to start from somewhere, as it did in the case of the Montreal Protocol, if the world
is to have any hope to avert the worst.

20Funding of such international organizations is a separate issue which we do not consider here,
but it is worth noting that the decision about being a donor at a domestic level is a complex
interplay between many factors, including public opinion and economy’s capacity (Halimanjaya
and Papyrakis 2015, Pickering and Mitchell 2017), and it is not a given that such fund would
possess enough resources to initiate a transition or to monitor how the funds are used, or indeed
perform as expected (Bracking 2015).
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1.5 The T period model

In this section, we study a T > 3 period extension of the three-period model studied
in the main body of the paper. We assume that the reform is constraint-optimal
in a game with T < ∞ periods and that the sequence of events within each period
remains unchanged. In addition, we assume that each voter has a discount factor
σ ∈ [0, 1]. Under the assumption that the incumbent politician has impact on the
evolution of group membership, Proposition 1.1 can now be extended to a game
with arbitrary number of periods.

Proposition 1.4. For each value of the discount factor σ ∈ [0, 1), there is a cutoff
value for domestic mobility frictions, ε∗, such that, for ε ≥ ε∗, efficiency-enhancing
reform is implemented at t = 1, and for all ε < ε∗, it is never implemented. More-

over, limσ→1 ε
∗ =

Tµ0α

Tβ − c
.

Proof. See appendix.
The only scenario in which the reform is voted for occurs when ε ≥ ε∗. As in

the three-period game, the reform is implemented at t = 1 or never adopted at all.
Voters who benefit from the status quo trade-off the transition costs of pro-

climate reform with the present value of future benefits from such reform. If the
magnitude of the domestic mobility constraint is below a threshold value, the shift
is immediate; if, to the contrary, its is above the threshold value, the shift never
happens.

Note that when σ = 1 and T = 3, the value of ε∗ coincides with the one derived
for the three-period case. For larger values of σ, the boundary on ε is smaller.
Moreover when σ = 1 and T tends to infinity, ε∗ tends to zero so that there is
immediate agreement to adopt pro-climate reform. In other words, the preceding
proposition shows that voters with a longer time horizon and more patience will
tend to adopt a pro-climate reform sooner rather than later.

The generalised game of reform adoption results in a qualitatively similar conclu-
sion: without active interference in the group transition process by the incumbent
politician, the reform is either adopted at the very beginning of the game, or never.
The attractiveness of the transition depends on the size of the discount factor as
well as on the number of periods the reform lasts for. Longer game duration and
less future discounting implies higher likelihood that the reform will be voted for,
given some mobility frictions ε.

Next, we generalize the one period delayed adoption result in the three period
model to allow for the possibility of a delay of k < T periods. As before, we assume
that incumbent politician cannot influence the magnitude of ε but within such a
constraint, can impact the evolution of group membership over time.
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Proposition 1.5. Along the equilibrium path of play, if µ0−kε > 0.5 > µ0−(k+1)ε,

there exists ¯ε(k) such that if ε ≥ ¯ε(k), and −c(1− σ)

1− σT
+

βσk
(
1− σT−k

)
1− σT

≥ α, then

pi = a for i = 1, k and k < T , while pj = b for j = k + 1, T ; the reform is
implemented with a delay of k periods.

Proof. See Appendix.

The above proposition demonstrates that in the T -period model, when pro-
climate reform is not adopted immediately, we show that identifying and acting on
a domestic coalition of voters with a stake in pro-climate reform can lead to delayed
adoption after k < T periods.

The delay in adopting pro-climate reform is driven by the limited time horizon
of politicians and voters. The only way to compensate early movers is by allowing
them to reap the benefit of the economy running in a low-carbon mode for a maxi-
mum number of periods. Moreover, the present value of delayed future gains must
dominate current losses for early movers.

Hence, the period of delay involved in implementing pro-climate reform is limited
by the value of the discount factor, the time horizon T and the individual cost of
transition. Evidently, when σ −→ 0, the present value of future gains is dominated
by current losses for early movers even if the transition period is short.

For a fixed value of T , when σ = 1, the conditions in the above proposition
simplify to T > c/α, k ≤ T (1 − α) − 1, and k < 2c/δ. When σ −→ 1, and the
period of delay involved in implementing pro-climate reform is not too long, the
present value of delayed future gains dominates losses for early movers. The length
of delay is determined by the individual cost of transition δ with a smaller value of
δ being associated with a longer transition period k.

1.6 Discussion

Being a reduced form representation of a complex idea, our model has some limi-
tations.

We assume that all the voters are aware of the preferences of all other voters, the
politician is also aware of their preferences, and they are all aware of each other’s
awareness. This assumption, while certainly convenient for computational purposes,
may not be adequately reflecting the reality. A model without a common prior or
incomplete information would be a different computational exercise and would have
different results. The focus of this paper is, however, not a mathematical difficulty,
but political applicability achieved with minimum complications.
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Another potentially problematic assumption is that of an international policy-
maker interfering in internal affairs of a given country. Having good intentions is
not sufficient to justify meddling with a sovereign nation’s domestic policy. It may
be prudent of an international agency to sponsor a local government or to support
it in other non-fiscal ways to engineer the transition. An international policymaker
can conduct discussions and conversations with embassies, trade officials and foreign
ministries to promote its position and explain the importance of unilateral actions
like the US did back in 1986, prior to the Montreal Protocol (Haas 1992). An in-
ternational agency is limited in what actions it can take with regards to domestic
policies.

It is also worth acknowledging that often funding for such bodies comes from
donations of developed nations, and thus, at least in part, serves their interest.
There is a large amount of literature devoted to the allocation of international aid,
and there is some evidence that it is not necessarily free from a donor interest bias
(Neumayer 2005). Turning back to the Montreal Protocol example, at the begin-
ning, the UK and France were among the staunchest opponents to the US’s position
because due to the history of supersonic transportation development they believed
that the US had concealed interest in concocting an international agreement on
ozone protection (Morrisette 1989). The US’s true intentions did not matter; the
beliefs of its counterparts did. Therefore, as helpful as it may be to have a pivotal
negotiation party with an upper hand, it can also be counterproductive when other
powerful actors believe that there is impurity of intentions and biases that are not
in their favour. Caution and common sense must be exercised when applying our
framework to real life situations.

We assume a simplified view on the superiority of political states. Namely, in
our model one state is clearly and unambiguously inferior to the other, which is
a level of simplification rarely observed in reality. However, it is our belief that
where global public goods such as environment are involved, there are universally
right and wrong choices. For instance, business-as-usual scenario is the worst choice
that governments today can make, and a transition would definitely be a superior
option. We do not apply our findings to morally grey areas and situations that do
not constitute a clear, scientifically established welfare improvement.

Last but not least is the assumption of a benevolent politician who derives her
payoff entirely from social welfare. Often, incumbents are interested in prolonging
their rule rather than engaging in a hefty transition that may cost them their po-
sition. This pattern has been observed in many nations over the course of human
history (Acemoglu and Robinson 2000a), as well as in the field of international poli-
cymaking (Battaglini and Harstad 2020). Our modelling choice is rather normative
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and reflects a ’should’ rather than ’is’. Although considering a re-election-oriented
incumbent would not affect the results of the present study (our mechanisms aim at
reforming public preferences, disregarding the incumbent), it would be interesting
to alter our framework to model a case of a selfish incumbent whose political rent
does not directly depend on social welfare. This is a task for future research.

The analysis done in this paper suggests that politicians should focus on non-
market policies of upstream technologies. Currently, however, most policies are
market-based and target a downstream technology such as EVs. The policies include
income tax rebates and exemption, direct purchase rebates, financial incentives
for charging infrastructure, sales tax waivers and income tax credits. Some have
been shown to be more effective than the others, e.g., Gallagher and Muehlegger
(2011) estimate that sales tax waivers are better than income tax credits, but all are
marginally effective in increasing adoption of electric vehicles (Clinton and Steinberg
2019). The more important question is about their environmental efficiency and
welfare implications. The former is defined by multiple characteristics of the vehicle
operational environment, such as, for instance, colder climate, the electricity source
and charging time (Blumsack et al. 2008, Archsmith et al. 2015). The latter is
more of a cost benefit analysis type exercise which involves social cost of carbon,
potential damage assessment, spillover effects and long-term benefits. At present,
although the policies predominantly succeed in encouraging the uptake of EVs, they
are neither environmentally beneficial, with the exception of a handful of the US
states (calculated as the difference between the foregone upstream emissions and
the downstream electricity generation emissions)21 (Graff Zivin et al. 2014, Holland
et al. 2016, Clinton and Steinberg 2019) nor welfare enhancing (Beresteanu and
Li 2011, Michalek et al. 2011, Holtsmark and Skonhoft 2014, Holland et al. 2016,
Clinton and Steinberg 2019)22. Holland et al. (2016) go as far as to demonstrate
that subsidies are not even the second-best solution. In their model, the first-best
is a (differentiated) Pigouvian tax, while the second-best is a differentiated subsidy,
which is, on average, negative across the country, i.e., it is also a tax.

The environmental efficacy of government incentives will continue to increase as
energy generation across the world becomes less fossil fuel intensive. As for the cost
efficiency, none of these papers explicitly accounts for spillovers and other long-term
benefits of stimulating the sales of electric vehicles under current circumstances, but

21The analysis is limited to the emissions of carbon dioxide and mostly ignores other potent
green house gases, except for Holland et al. (2016).

22The metrics differ from one model to the other. In Holland et al. (2016), emissions from
different types of vehicles are mapped into damages or environmental benefits using the social
cost of carbon estimated by the EPA and then compared on the geographical basis. In Clinton
and Steinberg (2019) and many others, the cost of avoided CO2 per ton is calculated and compared
across incentive programmes whose cost effectiveness is estimated elsewhere.
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Holland et al. (2016) and Clinton and Steinberg (2019) do acknowledge this as a
limitation and hypothesize that their welfare analyses would likely yield different
results if network externalities and increased returns to scale were accounted for.
Spillover effects and feedbacks loops can in fact be significant but also uneven on
the two sides of the market. For instance, Li et al. (2017) show that subsidising
charging stations exhibits greater returns. Before implementing a financial incentive
programme, such externalities should be carefully considered.

Non-market policies promoting EVs have also so far not been as effective as is
desired. In Bento et al. (2014), they study the welfare effects of a non-market policy
implemented in Los Angeles to encourage the uptake of hybrid vehicles that gave
access to high occupancy lanes (HOV) to low-emission car owners. The analysis
demonstrates that the policy increased implicit congestion costs for carpoolers since
congestion externalities were not appropriated by hybrid owners, which resulted in
negative welfare effects. Moreover, the policy was regressive as it made carpoolers
worse off and all the rents of the programme were likely collected be the purchasers
of hybrid cars. The policy which was initially thought of as "free" turned out
to be welfare-expensive due to unaccounted, unpriced and unappropriated policy
externalities. However, the policy was environmentally beneficial.

In Norway, a policy which was a combination of market and non-market incentive
led to a dramatic EV sales growth, and while its environmental benefits are difficult
to calculate because of the dependence on the electricity source, in terms of cost, it
was more expensive than purchasing a corresponding amount of permits from the
EU ETS (Holtsmark and Skonhoft 2014). However, and even more importantly,
the indirect effects of the policy included EVs being acquired as an additional car
by wealthy households and the change in driving patterns, crowding out public
transport, walking and cycling. This evidence supports the case in point – focusing
on upstream technologies and on social transition that takes place in people’s minds
is the first step in implementing a successful long-term green reform.

1.7 Concluding remarks

Since 1896 it has been known that doubling atmospheric CO2 would raise the
Earth’s temperature by approximately 5-6 degrees Celsius (Arrhenius and Holden
1897). By 2020, the world has seen two international agreements signed, ratified
and entered into force, and no real improvement where carbon dioxide and other
greenhouse gases are concerned. The danger is imminent and by now quite well un-
derstood, and yet, the transition away from business-as-usual is still a dream rather
than a reality. Such transition has a socio-technical nature and involves changes



Chapter 1. Mitigating domestic barriers to Pro-Climate Reform: The role of
winning coalitions

41

in technology, institutions, behaviour. Hindering the transition are institutional
inertia, technological lock-in, habits and social norms, inequality and unfairness of
the situation.

In this paper, we take a tentative, initial step towards addressing these issues. In
the presence of limited transferability of payoffs and mobility frictions, we explore
three mechanisms to engineer techno-institutional transition. Our suggestions are
based upon minimal financial resources involvement and political feasibility. We
therefore propose that a governing politician eager to catalyse a societal transfor-
mation eliminates uncertainty about the winners’ identity as a result of the reform
by strategically creating coalitions within a society. One way is to identify a group
of early adopters or those who are more likely to embrace the transition at an early
stage, and target these groups with non-market policies, creating a public entity
with vested interested in the new social order. These groups can benefit from the
transition immediately, if it happens to take place soon after the policy has been
enacted, or with a delay. In the latter case, they would have to first go through
a period of inconvenience, until the transition occurs and the benefits are realised.
What would make them take immediate loss in exchange for a distant prospect of
a potential benefit? Since the incumbent is unable to commit to any future policy,
she can use such coalitions as a commitment device to constrain her future choice
set. Since the coalitions of newly created policy constituencies have enough power
to resist a transitional rollback, their immediate loss is justified and a political shift
is achieved.

With only limited resources, such shift can also be engineered in a network
of countries where there are knowledge and technology spillovers. By identifying
a pivotal member of the network, – i.e., a market with the greatest potential, –
an outside agent can initiate a transition that would over time spread worldwide.
Similarly, a pivotal member can use a threat of unilateral actions to practically
force other nations into compliance. But this is conditional on a pivotal member
being benign and having world’s best interest in mind.

Motivated by the current emphasis on unilateral commitment by nations in
global climate change negotiations, in this paper, we propose two mechanisms to
implement a pro-climate reform, and our research is of direct relevance to policy-
makers who have become signatories to the Paris Accord and are now bound by
it to deliver on their net-zero promises. Nationally Determined Contributions are
the main mechanism for global emissions reduction (see, for example, the published
net zero plans by different countries at the United Nations website). Prominent
evaluations of Nationally Determined Contributions focus on how ambitious (the
quantum of, and delay in, mitigation efforts) such plans are (e.g. Emissions Gap

https://www.un.org/en/climatechange/net-zero-coalition
 https://www.unep.org/resources/emissions-gap-report- 2022
 https://www.unep.org/resources/emissions-gap-report- 2022
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Report 2022 by the UN environment program). However, beyond ambition, there
remains the issue of whether the governments can actually deliver on their goals.
The NDCs that make up the Accords are already far below what is needed to
achieve the emissions level defined by the agreement, but even these goals will not
be reached without proper policies in place.

Our analysis was conducted with a net-zero transition in mind. A general logic of
such a transition is to first replace fossil fuel energy with its renewable counterpart,
and then ensure mass electrification of existing energy system. A politician in a
modern democracy cannot commit to a policy that spans over 20 years, thus creating
powerful winning coalitions with a stake in perpetuation of renewable energy is key
for net zero to become reality.

One such example can be found in Denmark. According to some economists
(Buen 2006, Singh 2012), one of the reasons behind its wind energy industry success
is the policy’s ability to create constituencies in favour of wind energy early on that
grew to become sufficiently influential to ensure that the course of the policy stayed
stable long enough to allow the industry to reach a self-sustainable state. This was
done through subsidising individual wind turbine owners and co-operatives that
play a major role in Danish energy generation.

Another instance comes from a country with a nascent renewable energy indus-
try, yet well illustrates the idea of deliberate creation of vested interest for future
green transition. Boute and Zhikharev (2019) argue that in Russia, government’s
preference for solar energy over any other renewables, coupled with the incentives
granted to the industry, led to the creation of strong entities invested in solar power
who now have influence over future energy policies and are thus capable of pro-
moting the agenda of renewable electricity along such vital sectors as oil and gas.
Policy’s skewness towards solar energy allowed the benefits to be concentrated on
the few companies/individuals which led to them becoming more powerful than
they could have been having the policy spread over multiple industries.

Extending our model to settings with incomplete information and infinite hori-
zon are topics for future research.

1.A Appendix

1.A.1 Proof of Proposition 1.4

We first demonstrate that the reform will never be reversed once implemented.
Recall that, due to the game structure, the share of voters belonging to group

G1 at any time period, µt, can only take two values, µ0 > 0.5 and µ0−ε, ∀t. Denote

 https://www.unep.org/resources/emissions-gap-report- 2022
 https://www.unep.org/resources/emissions-gap-report- 2022
 https://www.unep.org/resources/emissions-gap-report- 2022
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µ = µ0 and µ′ = µ0 − ε. Assume that the reform has been implemented at some
period t. This implies that the share of voters belonging to G2 at the beginning
of t + 1 has changed to µ′ > 0.5, and pro-environmental groups now constitute
a majority. The reversal to a will take place if expected payoff to the majority
from voting for a is larger than that from voting for b. Note that the reversal can
potentially take place with a delay.

Assume the reform lasts for k periods from now (including the current period
which is not discounted). Consider immediate reversal, no reversal, and a reversal
delayed by τ < k periods, meaning the reform lasts for another τ periods including
the current one and then the reversal lasts for k − τ periods. The discount factor
is σ ≤ 1.

E(no reversal) =
k∑

t=1

σt−1β

E(immediate reversal) =
ε

1− µ′

(
k∑

t=1

σt−1α− c

)
+

(
1− ε

1− µ′

) k∑
t=1

σt−1(α− δ)

E(delayed reversal) =
τ∑

t=1

σt−1β +
ε

1− µ′

(
k∑

t=τ+1

σt−1α− στc

)
+

+

(
1− ε

1− µ′

) k∑
t=τ+1

σt−1(α− δ)

Compare first E(immediate reversal) and E(delayed reversal).
Eliminating similar terms from the first two expectations and using the fact that∑k

t=1 σ
t−1β −

∑k
t=1 σ

t−1α > 0, we are left to compare

ε

1− µ′ (−στc) ≷
ε

1− µ′

(
τ∑

t=1

σt−1α− c

)
−

−
τ∑

t=1

σt−1δ − ε

1− µ′

τ∑
t=1

σt−1α +
ε

1− µ′

τ∑
t=1

σt−1δ.

Rearranging reduces the comparison to

0 ≷
ε

1− µ′ (−c+ στc)−
(
1− ε

1− µ′

) τ∑
t=1

σt−1δ.
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Since µ′ < 0.5, we have
ε

1− µ′ < 1, and both terms it the expression on the

right-hand side are negative, resulting in delayed reversal being preferred for any τ .
Similarly, it can be demonstrated that E(no reversal) > E(delayed reversal),

and thus the reform will persist, once implemented.

Now, voters will choose to vote for the reform if expected payoff from the tran-
sition is larger than from the absence of such. Since the reform is never reversed,
the expected payoff will depend on how many periods are left until the last period
T . Assume, as before, that the reform is not reversed for k ≤ T periods, including
the current one.

Also, note that it may be preferable to implement the reform with a delay of τ
periods (1 ≤ τ < k).

E(immediate reform) =
ε

µ

(
k∑

t=1

σt−1β − c

)
=

ε

µ

(
β
1− σk

1− σ
− c

)

E(no reform) =
k∑

t=1

σt−1α = α
1− σk

1− σ

E(delayed reform) =
τ∑

t=1

σt−1α +
ε

µ

(
k∑

t=τ+1

σt−1β − στc

)
=

= α
1− στ

1− σ
+ ε

στ

µ

(
β
1− σk−τ

1− σ
− c

)
Immediate reform will be preferred to no reform if

ε ≥ αµ

β − c
1− σ

1− σk

≡ ε1.

On the other hand, delayed reform is preferred to immediate if

ε ≥ αµ

β − c(1− σ)
≡ ε2.

It is easy to show that ε1 ≥ ε2 with equality reached for σ = 0. In other words,
if the future is fully discounted, then it has no bearing on the choices made today
and having the reform delayed is no different that not having it implemented at
all. Also note that when k is large enough and σ ∈ (0, 1), the two boundary values
coincide: limk→∞ ε2 = ε1.

This results in the following conclusion.

• For ε < ε2, the reform is never adopted.
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• For ε > ε1, the reform is always adopted as early as possible.

• For ε2 < ε < ε1, immediate implementation is preferred to delayed implemen-
tation, but no reform is preferred to both. Hence, the reform is not adopted
either.

Hence, the proof is complete by setting ε∗ ≡ max

µ0 − 0.5,
µ0α

β − c
1− σ

1− σT

.

1.A.2 Proof of Proposition 1.5

Consider a delay of k < T periods, i.e., the reform is engineered to take place in
period t = k + 1 with kε voters having made prior adjustments. Note that this
requires µ0 − kε > 0.5 > µ0 − (k + 1)ε. For delayed reform implementation to take
place, it has to satisfy incentive constraints of the two types of voters:

1. those who have made costly adjustments prior to the reform, and

2. those who will be voting for the reform after other voters have made costly
adjustments.

Starting from the latter group, upon reaching the period t = k+1, the share of
voters left in G1 is equal to µ−kε > 0.5. They will vote for b if the following holds.

ε

µ0 − kε

(
T∑

t=k+1

βσt−k−1 − c

)
≥

T∑
t=k+1

ασt−k−1

⇐⇒ ε

µ0 − kε

(
β(1− σT−k)

1− σ
− c

)
≥

α
(
1− σT−k

)
1− σ

This requires that per-period transitional capacity ε is larger than a certain
boundary value.

ε ≥ µ0α

β − c(1− σ)

1− σT−k
+ kα

Note that the boundary value coincides with the one established by the Propo-
sition 1.4, if k was equal to 0.

On the other hand, there are k groups of voters who make ex-ante adjustments,
and there are therefore k incentive constraints to be satisfied.
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−c+
∑T

t=k+1 βσ
t−1 ≥

∑T
t=1 ασ

t−1

−c+
∑T

t=k+1 βσ
t−2 ≥

∑T
t=2 ασ

t−2

...

−c+
∑T

t=k+1 βσ
t−k ≥

∑T
t=k ασ

t−k

⇐⇒



−c+
βσk

(
1− σT−k

)
1− σ

≥
α
(
1− σT

)
1− σ

−c+
βσk−1

(
1− σT−k

)
1− σ

≥
α
(
1− σT−1

)
1− σ

...

−c+
βσ
(
1− σT−k

)
1− σ

≥
α
(
1− σT−k

)
1− σ

Note however that as t changes from 1 to k, the left-hand side in the expressions
above increases, while the right-hand side decreases, which implies that it is enough
to demand that only the first inequality holds.

Thus, for the reform delayed by k periods to be implemented, we require that
the following holds: 

ε ≥ µ0α

β − c(1− σ)

1− σT−k
+ kα

≡ ¯ε(k)

−c(1− σ)

1− σT
+

βσk
(
1− σT−k

)
1− σT

≥ α

(1.4)

The first inequality sets a new boundary on ε. Recall the boundary calculated
in Proposition 1.4, ε∗, which marks reform implementation without an intervention,
and notice that the new boundary must be lower, since for delayed transition we
have ε < ε∗.

µ0α

β − c(1− σ)

1− σT

≥ µ0α

β − c(1− σ)

1− σT−k
+ kα

⇐⇒ c(1− σ)

1− σT
+ kα ≥ c(1− σ)

1− σT−k

Studying the expression for corner values of σ and k ≤ T − 1, it is easy to see
that the inequality is always satisfied for σ −→ 0. For σ −→ 1, we are limited to
T > c/α, which only matters if c > α.23

23If, as before, α = 0.2 and c = 0.8, the game should have more than 4 periods for the condition
to be satisfied.
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In other words, for large enough T and σ close to 1, the new boundary on
mobility frictions is lower, which means that at t = k + 1, voters in G1 will decide
to implement b, having kε people transitioned in advance.

The second inequality in equation 1.4 simply requires σ to be large enough,
depending on the delay, game length and other parameters. Thus, the condition
is never satisfied for σ −→ 0, but for σ −→ 1, only a reform with a delay k ≤
T (1− α)− 1 can be engineered.

Therefore, for both incentive constraints to hold, provided that σ is close to 1,
we require that the game is long enough, T > c/α, and the delay is not too much
compared to the total number of periods, k ≤ T (1−α)−1. In other words, provided
that the game lasts for T periods, the delay cannot be too long, since it must leave
a certain number of periods to compensate those who have transitioned early on.

What is left to check is the optimality of such delay. Compare two social welfare
levels, one without a reform, SW1, and one with a delay of k periods, SW2.

SW1 =
T∑
t=1

σt−1(α− δ + δµ0) = (α− δ + δµ0)
1− σT

1− σ

SW2 =
k∑

t=1

σt−1 [α− δ(1− µ0 + tε)]−
k+1∑
t=1

σt−1εc+
T∑

t=k+1

σt−1β [(k + 1)ε+ (1− µ0)]

= (α− δ(1− µ0))
1− σk

1− σ
− δε

k∑
t=1

σt−1t− cε
1− σk+1

1− σ
+

+ σkβ [(k + 1)ε+ (1− µ0)]
1− σT−k

1− σ

The difference between the two, SW2 − SW1, should be non-negative.

δε

k∑
t=1

σt−1t−cε
1− σk+1

1− σ
+σk 1− σT−k

1− σ
(β [(k + 1)ε+ (1− µ0)]−(α−δ(1−µ0)) ≥ 0

When σ −→ 0, the present value of gains is always dominated by current losses so
that limσ−→1(SW2 − SW1) = ε(δ − c). When σ −→ 1, and kδ < 2c, we have that:

lim
σ−→1

(SW2 − SW1) =

δε
k(1 + k)

2
− cε(k + 1) + (T − k) · (β [(k + 1)ε+ (1− µ0)]− (α− δ(1− µ0)) ≥ 0
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Chapter 2

Technology in international
environmental agreements

2.1 Introduction

Climate change is recognised as the threat to the stability of the economic system
and world order by the economists (Nordhaus 2019). Since climate is a public good,
human and industrial activities affecting it typically extend beyond market dynam-
ics and are not reflected in market prices. Climate change is also a global externality
which transcends the control of national governments and markets, affecting indi-
viduals worldwide in a way that is not proportional to their contributions. However,
the global community has had limited success in reversing the changes wrought by
global warming. Recent times have seen the establishment of different international
agreements to address global issues, but no significant progress has been observed
on the front of global greenhouse gas emissions reduction.

The provision of good governance at both individual and collective national lev-
els plays a pivotal role in addressing global externalities (Zhou et al. 2020). However,
Panhans et al. (2017) and Calel and Dechezleprêtre (2016) point out that existing
international environmental laws do not provide an adequate legal framework to
compel nations disinterested in pollution reduction to participate in addressing
global externalities. While Zhou et al. (2020) emphasize the importance of effec-
tive governance in environmental management, Panhans et al. (2017) and Calel
and Dechezleprêtre (2016) argue that current international legislation falls short
in ensuring the enforcement of climate change policies among individual nations.
They advocate for international institutions to focus on formulating and imple-
menting mandatory and environmentally friendly legislation and policies applicable
to all countries. However, in the current context, persuasion remains the primary
option to foster cooperation among nations worldwide and control greenhouse gas
emissions and other activities contributing to global pollution.
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Under the premise of weak global governance over pollution, the agreement be-
tween the nations should be self-sustainable (Barrett 1994). It is a game between
self-interested independent players whose decisions are influenced by their individ-
ual economic and political constraints. In this context, climate treaties play a
secondary role in mitigating global emissions, as the studies have long established
that achieving substantial provisions in such agreements is challenging because all
treaties are susceptible to deviations, unless some modifications are made to the
models, such as incorporating technological improvements that can spill over from
one nation to another through infrastructure purchase or technology investment.
In a sustainable equilibrium scenario, a few nations may innovate and develop
new emission-mitigating technology. Others will emulate these innovative nations,
seek access to the technology, and ultimately contribute to global emission reduc-
tion. The adoption of innovative technology by other countries relies on technology
transfer within and across nations and a careful evaluation of the consequences
of ignoring mitigation measures (Roth et al. 2022). Nations must collaborate to
investigate and develop innovative strategies for reducing carbon emissions and im-
plement policies that support the sharing of information about such technology to
create a pollution-free global environment.

According to Li and Wu (2023), the development of new technologies for lower
carbon emissions has become a priority to limit global temperature increases and
prevent adverse consequences of carbon emissions on the climate system. However,
experts and researchers have struggled to provide substantial guidance to policy-
makers in the energy and climate fields due to limited knowledge of sources of
diffusion and innovation (Roth et al. 2022). Although existing academic literature
on technological change suggests that technical progress cannot be predicted inde-
pendently because it is not exogenous, recent years have seen a growing interest
among energy researchers in introducing endogenous technological changes into en-
ergy models (Lee et al. 2022; Aoyama and Silva 2022). Endogenous technological
changes, influenced by public policy and prevailing energy market conditions, can
lead to improved efficiency and cost reductions over time (Lindman and Söderholm
2012; Li and Wu 2023). National governments should intensify investment in en-
dogenous technological development in energy models to combat climate change
effectively. Bottom-up models have introduced technology change through technol-
ogy learning rates, which quantify the relationship between technology costs and
cumulative experience with the technology (Jiao et al. 2018). Technology learning
rates play a crucial role in reducing the costs of new low-carbon technologies, mak-
ing them more attractive and efficient than existing options. High learning rates are
particularly important for new low-carbon technologies, as they incentivize upfront
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investments in technology to realize economic returns from learning (Wang et al.
2021). National governments should collaborate in allocating a specific percent-
age of their budgets to research and development funds to seek new technological
solutions for carbon emission reduction within the global environment.

This chapter delves into the extensive body of work relevant to abatement tech-
nology spillovers and aims to uncover gaps in the current literature pertaining to
the role of technology in climate change. By pinpointing areas that previous articles
have not addressed properly, the chapter is meant to contribute to bridging these
gaps in the current body of work. Its conclusion rests on a typical for the literature
premise that a number of nations both benefit from their pollution-related activi-
ties and bear the future costs proportional to overall environmental pollution. The
externalities caused by individual nation’s pollution are of course not internalized
by the global market. These countries possess a crucial opportunity to invest in
green technology to achieve economic goals while minimizing environmental pol-
lution. Assuming that the emission strategies adopted by one group of nations
significantly influence the choices of subsequent groups, the scenario can produce
multiple equilibria. For instance, it may lead to a situation where no country min-
imizes its greenhouse gas emissions, or every nation does so. A central premise
of this model is that a significant group of nations must reduce emissions early
to motivate others to follow suit. Achieving this relies heavily on the adoption of
advanced technology for environmental pollution mitigation. The model, therefore,
hinges on technology spillover to drive global emissions reduction.

While seemingly simplistic, the proposed model is not far from reality. A pivotal
factor behind the banning of ozone-depleting chemicals was the availability of substi-
tutes to mitigate environmental pollution. There were various technological options
that could promote emissions reduction on a national and global scale. In light of
the absence of a similar easy fix for global warming and nascency of technological
substitutes, the Kyoto Protocol fell short of global expectations regarding emissions
reduction. The Paris Agreement is the latest institution addressing climate change,
but there remain questions and predictions to test regarding its effectiveness.

The proposed model encourages exploration of issues related to technology
spillover. The crucial starting point is formulating relevant research questions.
The model posits that the adoption of specific green technologies by a few countries
can make it easier for others to follow suit. To quantify this relationship, it’s vital
to consider how much technology country j needs to adopt at period t to facili-
tate country i’s adoption in period t + 1. Research suggests positive technology
spillovers and rates of learning (Langniß and Neij 2004), but this should be tested
in the specific settings of the present study.
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2.2 Green technology in the literature

It has been long understood that a decrease of emissions by one country can lead
to an increase of such by another country. This, however, is true if low carbon
technology is regarded as exogenous. Making it instead endogenous and allowing for
spillovers change this conclusion in a not so obvious way and depends on the model
used by a particular study. It is possible to imagine a scenario where a country with
a low environmental harm undertakes an investment in a low-carbon technology
merely because other countries have done so, lowering everybody’s abatement cost.
In fact, this is exactly the question we are interested in here.

There are multiple ways to approach the problem in focus, but in their core,
they boil down to only a few genuinely different specifications.1 The first is a one-
period stage game of coalition formation, written in terms of abatement. There is
no accumulation of greenhouse gases and it is a relatively static approach where
technology is often implied rather than introduced explicitly. The second is to
use emissions instead of abatement and have a dynamic game of treaty adoption
with several periods and possibly infinite time horizon. Introducing technology to
the second set of models is mostly done by adding a stock variable that represents
investment. Neither of the approaches is satisfactory to answer the research question
of the present study. The former approach cannot accommodate the delayed nature
of the benefits of a low-carbon transition and the immediate cost of such, while the
second cannot adequately discuss technological trade.2 Some mixture of the two is
therefore needed to move past the limitations of the previous studies.

The former thread of literature takes roots in the works of Hoel (1992), Carraro
and Siniscalco (1993), and Barrett (1994). Individual levels of abatement add up to
form a global level of abatement which then enters each country’s benefit function,
so that the individual payoff is the difference between the benefit of global abatement
and the cost of individual abatement. The stage game of coalition formation is then
solved where countries decide whether to join the abating coalition before they take
action. Typically the game is assumed to be a prisoner’s dilemma type game with
a unique inefficient Nash equilibrium. Signatories are assumed to comply with
the treaty conditional on having made the decision to abate. The game is solved
backwards, maximizing either individual (for non-signatories) or aggregate payoff
(for signatories), resulting in equilibria with side payments.

1A significant amount of models with spillovers come from the theory of economic growth.
There are many such models discussed in Klenow and Rodriguez-Clare (2005). For the approach
used in the present study, these are not particularly relevant.

2Not diminishing the merit of all the previous work done on technological trade and spillovers,
the author of the study has a very specific problem in mind which necessitates a merge of the two
approaches.
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This approach of sharing the aggregate payoff maybe be problematic when it
comes to making policy recommendations, so the latter strand of research may be
of more relevance to the real world.

It originates from Dockner et al. (1996) and is further developed by Dutta and
Radner (2009) and Chander (2017).

Dockner et al. (1996) analyse 2 countries whose emissions are a byproduct of
domestic production activity, eit = yit, in discrete infinite time. Pollution is treated
as a stock, pt+1 = y1t+y2t+(1−β)pt, and it is assumed that the ecosystem will collapse
if a certain pollution threshold p̄ is reached. Each country maximizes an infinite sum
of per-period utility functions that are a difference between production and the cost
of pollution. As a benchmark, they find two different Markov perfect equilibria, one
with convex and monotone strategies, the other with a chaotic dynamics. Neither
can be shown to be superior, but the second one can be used to construct a trigger
strategy equilibrium that would support an efficient cooperative solution.

In Dutta and Radner (2009), they extend the analysis to I countries and re-
place the linearity of the per-period utility with concave benefits and linear costs
of pollution. Their benchmarks are a global Pareto optimum which is obtained
by maximizing the weighted sum of country payoffs, and a symmetric stationary
Markov perfect equilibrium which is equivalent to business-as-usual, with constant
emission levels over time. They then proceed to find a trigger strategy equilib-
rium that maximizes a weighted sum of country utilities when the emission policies
are incentive-compatible under the threat of reversion to business-as-usual. This
equilibrium is strictly welfare-improving over the benchmark business-as-usual so-
lution. They also characterize a set of subgame perfect equilibria and consider some
asymmetry between the countries on a reduced model of two countries.

Chander (2017) extends the approach to introduce nonlinearity and asymmetry
in damages and nonlinearity in benefits. He proves the existence of a unique sub-
game perfect equilibrium which represents a business-as-usual scenario and shows
that asymmetry can lead to a trigger strategy equilibrium not be an improvement
over business-as-usual. He then finds a cooperative solution that can improve upon
the benchmark but only if there are transfers between the countries.

The approach is further developed by Harstad (2012), Harstad (2016), Battaglini
and Harstad (2016). They explicitly add technological investment to the model.
Since the analysis is based on n countries, this leads to having them having n + 1

stock variables (one for pollution and n for the investment stocks). In the solution
they however usually reduce it to two by establishing the payoff-irrelevance of in-
dividual investment levels and only relying on the total investment. For them, it
is also a stage game within a period where countries decide how much to invest,
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how much to pollute and whether to sign an agreement, but the horizon is infinite.
Battaglini and Harstad (2016) generalises their other papers by assuming that tech-
nology matures in some arbitrary period of time (not necessarily one period), and
the time between the repeated stages of the game is also arbitrary. The solution is
always a Markov perfect equilibrium for its simplicity and tractability.

A note of caution before we proceed with the model. Spillovers are often un-
derstood differently than what I mean. For me, it is the option of not investing
in green technology and benefiting from someone else’s investment, mostly through
trade, but others have used weak intellectual property rights as a spillover channel.
This way, emissions can be reduced globally even if just one nation invests.

Spillovers can also be thought of as learning, which comes in various forms (see,
for instance, Lindman and Söderholm (2012) for a review of learning models in
wind power). It can take place at various stages of technological development, such
as R&D (Sagar and Van der Zwaan 2006; Ulph and Ulph 2007) and the diffusion
stage (Guo and Fan 2017). It can also refer to the unknown cost of developing
the technology (Tarui and Polasky 2005) or uncertainty of environmental damages
(Kolstad and Ulph 2011).

A more relevant way to introduce spillovers is used in Harstad (2016). For
him, it is the effect someone else’s investment has on i′s utility function (the time
subscript has been suppressed because there is no difference in functions between
the periods, bar stock variables such as investment, Ri, whose law of motion would
include a previous period value, which is then denoted using minus, Ri,−).

ui = Bi (yi)− C(G)− kri + e
∑
j∈N\i

rj, where

• Bi (yi) = − b

2
(ȳi − yi)

2 is the benefit of consumption of energy, yi = gi + Ri,
concave and increasing up to ȳi, where gi comes from polluting sources such
as fossil fuels, and Ri is clean, renewable energy;

• C(G) =
c

2
G2 is environmental damage associated with the stock of green-

house gas stocks G = qGG+
∑

i∈N gi + θ, with θt being a time-varying shock,
Independent and identically distributed with mean 0 and variance σ2;

• k is the private cost of investment, ri is country i’s investment in the cur-
rent period; note that the technology stock Ri evolves as a result of each
period’s investment and natural depreciation of capital at rate qR, so that
Ri = qRRi,− + ri;

• e captures possible externalities, or spillovers, as a result of other nations’
investment;
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• total utility is measured over time with continuation value Ui,t =
∑∞

τ=t δ
τ−tui,τ

The way externalities are introduced in the model allows to interpret it as "tra-
ditional technological spillovers, diffusion, imitation, licensing, or trade" (Harstad
2016, p.725). He thus discusses how to extend the model to incorporate imitation,
licensing, and tariffs. Without changing the model, he describes what e would be
in each of the cases. Subsequently solving it with the newly defined parameters,
he concludes that intellectual property rights (IPRs) and a treaty on emissions/in-
vestments are strategic substitutes. If a satisfactory treaty cannot be signed, then
IPRs should be strengthened, technological trade between the nations – facilitated,
and the technology itself – subsidised.

In a similar fashion, technological externalities are introduced in Harstad et al.
(2019). It is a repeated extensive-form game with infinite horizon, with investment
and pollution in each stage within a time period.

ui =bi (gi, ri)− hic (ri)
∑
j∈N

gj − kiri, where

• gi ∈ g, ḡ denotes emissions;

• benefit (from consuming energy, from whichever source) is bi (gi, ri), increasing
and concave in technology ri;

• country-specific harm hic (ri) Σgj, with c(ri) decreasing and convex in ri;

• ki ≡ δek̂i - present value of marginal investment cost

To introduce spillovers, they substitute ri in the per-period utility with a variable
zi ≡ (1 − e)ri +

e

n− 1

∑
j ̸=i rj, where e ∈ (0, 1) is the benefit nation i gets from

other nations’ investment at t. The utility then becomes

ui =bi (gi, zi)− hic (zi)
∑
j∈N

gj − kiri

This specification can be best thought of as the strength of IPRs and not as an
open, possibly paid, exchange between the countries. The results suggest that with
homogeneous countries, large spillovers discourage investments, so strengthening
IPRs should be prioritised, while with heterogeneous countries, larger spillovers are
preferred, to encourage more reluctant countries to decrease their emissions.

Being a stock variable in the studies described above, technological trade is
difficult to model. For this, building a model around abatement technology can be
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more sensible. The papers in this strand of research are commonly a static stage
game, where countries decide on their abatement technology and on whether to be
part of a coalition that would go on to sign an international treaty.

The paper that is closest to my research question is by Barrett (2006). It is
written in a standard fashion of self-enforcing international environmental agree-
ments where the decision variable is abatement, and the stage game defines how
many nations would join an agreement.

Denoting, as is standard, global abatement as a sum of individual abatement

decisions, Q =
∑n

i=1 qi, and individual payoff as πi = bQ − cq2i
2

, the basic Nash

equilibrium of the game predicts qi = b
c

, while a full cooperation outcome as
qi =

bN2

c
(if full commitment was possible). The result suggests that in equilibrium,

only three countries would sign a treaty, which will not make much of a difference to
the state of the climate. To remedy that, Barrett proposes two alternative treaties:
one that focuses on cooperative R& D of a breakthrough technology, the other – on
its adoption.

To model the first treaty, he introduces a technology Y and lets i’s payoff be
dependent on the new technology in the following manner:

πi = by

(
yi +

N∑
j ̸=i

yj

)
− cyyi + b

(
(1− yi) qi +

N∑
j ̸=i

(1− yi) qj

)
− c0 (1− yi) q

2
i

2

The technology is modelled as binary, yi ∈ {0, 1}, with by being the benefit from
adopting Y , c0 and cy – the costs of old and new technology respectively. Note
that, as formulated, the new technology is a substitute for existing technology,
which implies that it is also a substitute to pollution abatement, which is criticised
and remedied in Urpelainen (2014).

Assuming the game is a typical prisoner’s dilemma, so that all countries are
better off collectively adopting Y , but each country is individually better off not,
the question is, whether a treaty could promote the adoption of the new technology.
Note that by "adoption" here he means i’s contribution to global R& D efforts,
treating Y as a global public good.

Applying the concepts of collective and individual rationality, we can write i’s
expected payoff from contributing mi to collecting R&D effort, if k∗

y countries decide
to adopt Y :

πi = y

[
k∗
y

N
(Nby − cy)−

b2

2c0
(2N − 1)

]
−mi
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The result suggests that Y is a threshold public good, meaning only if enough
countries invest, will it be globally adopted,{

Y = 1 if
∑N

i=1 mi ⩾ M̄y

Y = 0 otherwise

If global contribution exceeds M̄y, then the treaty is needed to coordinate con-
tributions, not to enforce them.

Unfortunately, the number of signatories to a technological agreement can only
be large if many countries move first and adopt Y , driving further adoption. But it
is precisely under these circumstances that the signatories will not be substantially
better off, and the treaty will not make much of a difference.

To bypass these limitations, he then imagines technology X with increasing
returns to adoption, which is again binary, xi, xj ∈ {0, 1}.. Expected payoff of
nation i is then

πi =bx

(
xi +

N∑
j ̸=i

xj

)
− cx

N

(
N −

N∑
j ̸=i

xj

)
xi + b

(
(1− xi) qi +

N∑
j ̸=i

(1− xj) qj

)
−

− c0 (1− xi) q
2
i

2

Assume again that X will not be adopted spontaneously, but that all countries
would adopt if enough others do. Denote this critical mass as z – the agreement
will only enter into force if z countries ratify it. Such a treaty may be more effective
than the one above, but it is crucial that the new technology exhibits increasing
returns to scale, which might be true in case of hydrogen fuel vehicles, but not so in
electricity generation. The results of the study are thus not promising in providing
a ready solution to climate change.

Capitalizing on Barrett’s framework, with a few tweaks, Hoel and De Zeeuw
(2010) arrive at a different conclusion. Instead of setting a fixed adoption cost
and allowing for adoption only if a certain investment level is reached, they make
the cost endogenous by making it a function of the R&D investment. The more
research is done prior to adoption, the cheaper it is to implement the new technology.
As a result, there emerges a non-cooperative equilibrium with full adoption and
sufficiently high R&D levels. A treaty that coordinates research contributions can
improve upon the outcome by lowering the adoption cost through higher R&D
investment.

Another recent paper that modifies the standard framework above and also
arrives at a more promising conclusion is by Zavaleta (2016). Instead of allowing
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for one coalition of adopting countries, the author permits two different consortiums
– the countries that invest and own the rights for the technology, and the countries
that decide whether to consume the technology developed by the first group. When
the consuming coalition is large, the gains from developing the technology are the
most significant, so unlike in Barrett (2006), large gains from cooperation are an
advantage rather than a hindrance. Creating an international market is key for
almost full adoption of the new technology. Who owns the bargaining power is
important, but whether it rests solely with the producing consortium or is shared
between the two, the outcome is still welfare-improving. This conclusion however
relies on assuming transferability of payoffs between the members of the producing
coalition, which is a reasonable theoretic assumption that may not stand up to
scrutiny in the real world, where nations are very reluctant to share, as is evident
from the failure of the Kyoto protocol. From this point of view, the results in
Hoel and De Zeeuw (2010) bear more importance for international negotiations as
they rely purely on non-cooperative behaviour. This is closer to the reality of the
Paris agreement that leans only on individually determined contributions without
reliance on international cooperation.

Important thing to note about the abatement-based models above is that tech-
nology is treated as a public good, with possibly private gains, but public nonethe-
less in a sense that developing it requires international cooperation. It is thus
assumed that no country has an incentive to invest in technology unilaterally; only
collective investment is possible. In emissions-based models, private investment is
sensible but the technology is a stock, so technological trade is difficult to impossible
to model. But what if some nations do find investment attractive and the model is
formulated in such a way that allows for spillovers in ways other than weak intel-
lectual property, licensing and tariffs? What role an international agreement would
take then, if any?

2.2.1 Issues and alternative narratives

As is evident from the literature reviewed earlier, the approach based on abatement
relies on cooperative game theory and studies the maximum size of a stable coalition
of abating countries. Transferability of payoffs is therefore essential for a coalition
of any size to form. The results of the basic models are however disheartening
– the stable coalition is small, especially when the gains of cooperation are high.
The approach based on emissions yields a more promising conclusion of almost any
desired equilibrium being sustainable under the threat of reversion to business-as-
usual. The dynamic game is usually Markovian with symmetric countries, so that
the basic equilibria are symmetric and stationary and only rely on the total, not
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individual, stock of technology. Adding technology to the first group of models
changes the predictions depending on how the technology is modelled, but mostly
the outcome is improved with a stable large coalition and almost full adoption. The
technology is however introduced only as a public good, and the transferability of
payoffs is still implied, save for Hoel and De Zeeuw (2010) where a purely non-
cooperative outcome is also shown to be satisfactory.

I see several problems with both approaches. A dynamic game with infinite
horizon is not consistent with the idea of a runaway climate change. Researchers
recently identified nine planetary boundaries that delimit safe operating space for
humanity (Steffen et al. 2015), and by now six of them are broken (Richardson et al.
2023). A related concept of tipping points also suggests that we are approaching,
or perhaps have already crossed, some of the critical thresholds that render our
environment habitable and life-sustaining as we know it (Lenton 2011). Infinite-
horizon dynamic games assume the cost of global pollution simply keeps mounting
as time goes on, without any discontinuity. Dockner et al. (1996) are the only
ones whose model includes a tipping point, but there is no technology in it. The
theoretical model should thus be similar to the experimental studies by Barrett and
Dannenberg (2012), Barrett and Dannenberg (2014), Dannenberg et al. (2015).

Due to the uncertainty around the impacts of climate change, it is not clear
whether the runaway climate change is a possibility, or the affects will be steadily
and continuously growing over the years. I believe the tipping points exist and
crossing them would mean some serious irreversible damages. This in turn implies
that the damages are not evenly distributed throughout time, and the bulk of it is
delayed until a further point in the future. There is thus a clear difference between
environmental damages that are closer in time and those that are far, which cannot
be captured by using the same function for both with the only difference resulting
from the global pollution stock. Therefore, instead of modelling it like Dockner et al.
(1996) did, one could assume a finite number of periods with full damage realised
only at the end of the game. To be sure, the game must end at some point, to be
descriptive of the idea of a tipping point. Making one period represent a decade
would decrease the number of periods further, and since most people are unlikely to
plan that far ahead in the future, three period seems sufficient to illustrate the basic
idea. More periods than that would not add value to the model, while considering
a large T would make it similar to infinite horizon models.

Another questionable assumption is that of a trigger equilibrium which sus-
tains a welfare improving treaty (as in Dutta and Radner (2009)). A reversion to
business-as-usual is a reasonable idea in theory, and if it is in the set of subgame
perfect equilibria, then it is a credible threat, but in practice, reversion to high
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emissions may not be feasible after the transition to green technology has taken
place. Capital cannot mature in a day or be thrown away, so if nation i has in-
vested in lowering emissions of its energy sector by developing solar and wind energy
and decommissioning old coal reactors, it would not be able to punish nation j for
deviation by instantly destroying the wind turbines and solar panels and building
the coal plants in a day. What would likely happen if one nation were to deviate
after another nation has already committed to a new course of action is nothing.
Sustaining a treaty by a threat of punishment which is not based on trade and
similar international relationships does not look like a practical idea that can be
implemented in real life.

It could be possible, in theory, to modify the approach in Harstad (2016), by
adding the tipping point as a constraint, but then the model would likely not be
tractable, as it is already extremely complicated. Moreover, as discussed above,
technological trade is hard to incorporate into similar models. For this, technol-
ogy should be a binary variable akin to Barrett’s breakthrough technology 2006.
Then again, abatement-based models cannot accurately represent the delay in dam-
ages. The other problem with these models (I am only referring to Barrett (2006),
Hoel and De Zeeuw (2010), Zavaleta (2016)) is that the breakthrough technology is
treated is a public good, albeit with private benefits in some cases. In the world of
sophisticated sovereign states it is hard to imagine that a technology would necessar-
ily need cooperation from several countries to be developed. Large technologically
advanced nations such the US and China are likely capable of developing whatever
technology they may need, unless the technology is ahead of its time and cannot be
developed regardless of how many countries chip in.

Yet another issue is reliance on transferability of payoffs. Years of international
climate negotiations have demonstrated that countries are unlikely to share, be it
a burden or a benefit, even if it is "fair" to do so because they bear a historical
responsibility for emissions or it is unethical for them not to. The Paris agreement
seems to have grasped that idea and instead of trying to impose external limits on
national CO2 production it allows countries to determine how much they want to
pollute. The solution to climate crisis thus lies in the realm of unilateral choices
and non-cooperative game theory. The most important question is thus not how to
incentivize the countries to join an abatement coalition, but under what conditions
a non-cooperative outcome can be improved upon.

In other words, without technology incorporated in the model, it could reason-
ably be hypothesized that countries put their national interests above the global
public good, and unless their domestically chosen emission levels are socially effi-
cient, there is no international agreement that is global welfare-optimizing (although



Chapter 2. Technology in international environmental agreements 60

any agreement could be marginally welfare improving). Indeed, in the simple model
suggested below, using the argument of the core of a system with negative exter-
nalities (Shapley and Shubik 1969), such an international agreement does not exist.
From the emptiness of the core, I conclude that there is no agreement which is im-
mune to individual and group deviations, and the grand coalition is not stable. This
result is in line with the predictions in the literature on self-enforcing international
environmental agreements.

On the other hand, once technology is introduced, even in the most primitive
way, there are multiple equilibria possible, including the grand coalition. Technology
in the model can either be developed or acquired for a set price from another country.
Under certain assumptions, some countries would invest in green capital, and some
would be willing to buy access to it for a low enough price, so that cumulative
emissions reduction can eventually be observed. This however raises a question of
equilibrium selection, which should be the main role of an international agreement:
not to alter the choice set (as this is an impossible task), but to provide the means
to choose the best equilibrium once it becomes available.

2.3 The model

The main concern of the present paper is the role technology transfer in its purest
form may play in national abatement decisions and its potential for global emis-
sions reduction. To answer this question, I propose a simple but novel model with
technology incorporated differently than in most papers. The added benefit is its
simplicity – it only requires three periods to demonstrate the point. But first, to
have a basic reference point, I will consider a variation of the model where technol-
ogy is assumed rather than explicitly introduced.

There are three time periods, t = 1, 2, 3 and N = {1, ..., n} nations. At t = 1, 2,
gti ∈ {0, 1} denotes the emissions of greenhouse gases by nation i, so that at any t,
gti = 0 corresponds to emissions cut, while gti = 1 refers to a situation where nation
i persists with high carbon activities. Each country has a mass mi ≥ 0 and the
total mass across countries is M =

∑
i mi. The mass is introduced to differentiate

the nations by size since emissions are binary.
Let Gt =

∑
i mig

t
i be the total emissions at time t, and G = G1 + G2 – total

emissions across the two time periods.
Define M−i =

∑
j ̸=i mj.

Assume that at each t = 1, 2, there is a benefit αig
t
i from high emission activities.

One can think of alphai as a nation-specific parameter reflecting the value of carbon-
intensive economy. To borrow the idea from Harstad (2016), it can denote the
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benefits of producing energy from non-renewable sources, for example. Higher αi

would then mean that a country is deeply invested in fossil fuels and would find it
hard divesting from them.

The cost of emissions is borne at t = 3 only and each nation i bears a cost that
is proportional to the total emissions across the two time periods ciG.

A typical assumption to make as well is that of low emissions being socially
efficient but not individually preferred choice. This is achieved by imposing the
following restrictions on the parameters:

∑
i αi −M

∑
i ci < 0, so that it is socially

efficient to set gti = 0 for any i, t, and therefore, necessarily, at a core allocation,
gti = 0 for any i, t; and αi − mici > 0, i = 1, ..., n so that if emission levels were
chosen simultaneously and non-cooperatively in each t, it is a dominant action for
each i to choose gti = 1 for all i, t.

No discounting is assumed for simplicity and because the results would remain
unchanged if exponential discounting was introduced.

Each nation realises its payoff once per game at t = 3. The payoff to i is therefore
equal to

πi = αig
1
i + αig

2
i − ciG = αi(g

1
i + g2i )− ci(G

1 +G2) = αi(g
1
i + g2i )−

− ci

(∑
j

mjg
1
j +

∑
j

mjg
2
j

)
.

A nation that chooses not to pollute receives a purely negative payoff at the end
of the game equal to

−ci

(∑
j ̸=i

mjg
1
j +

∑
j ̸=i

mjg
2
j

)
,

while a nation that pollutes throughout the whole game receives

2(αi − cimi)− ci

(∑
j ̸=i

mjg
1
j +

∑
j ̸=i

mjg
2
j

)
.

Note that at t = 1, 2, a polluting nations enjoys a payoff of αi, while a non-
polluting one gets nothing.

As is standard, the burden of global emissions is shared by all, so the concerns
over free riding are valid, because in an efficient scenario where gti = 0 for all i, t,
a unilateral deviation by nation i can capture the benefits from choosing gti = 1 at
any t without bearing the social cost of doing so. This might mean an agreement
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with no explicit punishment, but not imperfect monitoring. This is a game with
perfect information, where nations are capable of recognizing a deviation.

This setup is typical of the literature on global pollution abatement, and yet it
is not similar to any one paper. Without technology explicitly added to the model,
emissions reduction simply takes place, or it does not. Can a multilateral agreement
to cut emissions be stable – immune to individual and coalitional deviations? To
answer this question, we resort to the argument of the core and show that it is
empty.3

Any allocation from the core has to satisfy individually and group rationality.
The only allocation which satisfies the latter by way of all-player set is if everyone
plays gti = 0. Thus, if the core is non-empty, it contains only this set of strategies,
and everyone receives the payoff of 0. To show that the core is empty, it thus suffices
to show that each nation has a unilateral incentive to deviate from an efficient action
profile at some t.

When externalities are present, it is necessary to define what nation j does
following a unilateral deviation of nation i. There are two scenarios to consider.

• Scenario 1. All other nations do nothing, i.e., the do not change their own
action in response to a unilateral deviation by nation i;

• Scenario 2. All other nations choose a best response to any action chosen by
nation i, including a unilateral deviation.

Under the first scenario, the core is empty. Suppose nation i contemplates a
unilateral deviation at t = 1 to g1i = 1. As gtj = 0, j ̸= i, and the nations do not
change their behaviour in response to i’s deviation, for each t and αi − mici > 0,
nation i will always deviate.

Under scenario 2, however, the core is also empty. To see this note that whether
or not a nation i contemplates a unilateral deviation, at each t, j ̸= i will best-
respond by choosing gtj = 1, t = 1, 2, assuming the deviation is detected immediately
and the best response takes place in the same period. Therefore, by choosing gti = 0

for each t, nation i gets a payoff of

−ci

(∑
j ̸=i

mjg
1
j +

∑
j ̸=i

mjg
2
j

)
= −ci · 2

∑
j ̸=i

mj,

while a deviation to gti = 1 in either period yields a payoff of
3Note that in the game with only two nations, the coalition consisting of both will always pick

a Pareto efficient action profile as any other profile can be jointly improved upon.
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2αi−ci

(∑
j

mjg
1
j +

∑
j

mjg
2
j

)
= 2αi−ci ·2

∑
j

mj = 2(αi−cimi)−ci ·2
∑
j ̸=i

mj

and as αi−mici > 0, the latter is a better option.4 The result is consistent with
the prediction by Shapley and Shubik (1969) for an economic system with negative
externalities.

We summarize the above discussion as the following result.

Proposition 2.1. Assume that
∑n

i=1 αi−N
∑n

i=1mici < 0 while αi−mici > 0, i =

1, ..., n. Then, the core is empty and no multilateral agreement with full participation
is possible.

Proof. Follows from the discussion above.

2.3.1 Endogenous technology

Consider now a variation of the preceding model where the choice of g1i impacts
the incentives for other nations to cut emissions at t = 2. This is a similar to the
way technology is regarded in Barrett (2006) if it had increasing returns to scale.
Therefore, the conclusion should match as well – a treaty should take on a coordi-
nating function to ensure enough countries adopt the technology early on. Whereas
Barrett interprets the approach as shared R&D investment with increasing returns,
one can also think of it as a learning process where watching enough countries
implement the technology leaves no gaps in the understanding of how it functions
and how it can be applied elsewhere. It can be exemplified by some contradictory
technology such as spraying sulphur dioxide in the atmosphere to dim the sun, the
consequences of which are difficult to predict on paper, and natural experiments are
impossible to conduct. Before resorting to this option, a nation must be convinced
that the technology is safe to use, and only by observing many other nations doing
so will the evidence be enough.

A simple way of modelling it is as follows.
Assume that now αi is time dependent for each i, so that α1

i = αi, and

α2
i =

{
αi if M̃ < M̄

ᾱi if M̃ ≥ M̄

4Note that as αi − mici > 0, allowing for transfers between the nations makes no difference:
the core will be empty in this case as well.
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where ᾱi − mici < 0 for all i and M̃ =
∑

i∈{i∈N :g1i =0}mi, the critical number of
adopting countries which is between 0 and M .

The interpretation is that if the critical mass of nations cutting emissions at
t = 1 exceeds a certain threshold M̄ , then it becomes a dominant action for each
nation to cut emissions at t = 2. This assumption models the idea that an ini-
tially limited, unilateral commitment to cut emissions by a small group of nations
will stimulate innovative activity in technologies that lower the relative cost of low
carbon activities for all nations. The Paris accord, by relying on unilateral commit-
ments, can hope for such future transitional cost reduction. For instance, developing
wind and sun energy harvesting technologies lowers their cost over time, which at
some point will make their price compatible with the price of traditional energy
sources and even cheaper, for every country. This feeds back to the idea proposed
in chapter 1 about engineering the transition in a network of countries. If there is
indeed learning to such an extent that the cost of a new technology will fall quickly
and substantially when adopted by many (pivotal) nations (or, as in Barrett (2006),
the technology has increasing returns to adoption), then the following logic applies.
Since the end price charged to the consumer is usually higher in the case of a new
technology (one can think of renewable electricity price as compared to conventional
sources of energy), and assuming that a representative consumer has no internal
motivation to choose a green technology over brown because she makes her choice
exclusively based on price, the green technology will never take off without gov-
ernment support. As discussed in chapter 1, a nation whose citizens are endowed
with such mentality will have to first change the mentality, which takes decades,
so lowering the price of a new technology is likely to be a faster way to ensure it
is adopted. Alternatively, a government may not be interested in a transition at
all. Then, an international institution which possesses the funds, can subsidise the
end consumer in some nations to stimulate the adoption of a new technology there,
and once the critical mass is reached, the cost of adopting it elsewhere will be low
enough to make it a dominant action. Reinterpreting the model in terms of learning
rather than shared R&D costs completely changes the nature of results. Instead of
requiring z nations to ratify the treaty before it enters into force, as Barrett suggests
2006, it can specify which countries get subsidized first. Such formulation is likely
to make countries more cooperative and willing to sign the agreement.

The subgame perfect equilibrium scenarios are described by the following propo-
sition.

Proposition 2.2. Let N̂ =
{
i ∈ N : 2αi −

∑
j∈N mjcj < 0

}
. Then:

(i) If
∑

i∈N̂ mi < M̄ , at any SPE, gti = 1, for all i, t;



Chapter 2. Technology in international environmental agreements 65

(ii) If
∑

i∈N̂ mi ≥ M̄ , and M̄ ≤ infi∈N̂ mi, at any SPE, there exists i ∈ N̂ , such
that g1i = 0 with g1j = 1 for all j ̸= i and g2i = 0 for all i;

(iii) If
∑

i∈N̂ mi ≥ M̄ , and M̄ > infi∈N̂ mi, there are two types of SPE:

a) gti = 1, for all i, t;

b) there exists N∗ ⊆ N̂ , such that g1i = 0 for i ∈ N∗ with g1j = 1 for all
j /∈ N∗ and g2i = 0 for all i.

Proof. Consider a subgame perfect equilibrium where N̂ is non-empty and
∑

i∈N̂ mi ≥
M̄ . Then, there exists N∗ ⊆ N̂ such that M∗ =

∑
i∈N∗⊆N̂ mi, where M∗ ≥ M̄ and

M∗ −mi < M̄ for all i ∈ N∗.
Let g1i = 0 if and only if i ∈ N∗.
If i ∈ N∗, consider a unilateral deviation by i so that g1i = 1. In this case,

following a deviation by i, the dominant strategy for each j at t = 2 is to switch
from choosing g2j = 0 to g2j = 1. By computation, it is checked that i will not find
it unilaterally profitable to switch if and only if

−ci
∑

j∈N\N∗

mj > 2αi − cimi − ci
∑

j ̸=i∈N\N∗

mj − ci ·M

In other words, a deviation is not profitable if and only if i ∈ N∗ ⊆ N̂ .
Next, if N̂ is non-empty with

∑
i∈N̂ mi < M̄ , then

∑
i∈N̂ mi − mk < M̄ and

g1k = 0 for each k ∈ N̂ , so that following a unilateral deviation by some k ∈ N̂

to g1k = 1, it is a dominant strategy for each i to choose g2i = 1, while k gains
αk − mkck > 0, with k’s continuation payoff unchanged. Therefore, at any SPE
where a non-empty subset of individuals choose g1i = 1, N̂ must be non-empty
with

∑
i∈N̂ mi ≥ M̄ and i ∈ N∗ ⊆ N̂ , where N∗ is such that M∗ =

∑
i∈N∗⊆N̂ mi,

M∗ ≥ M̄ and M∗ −mi < M̄ for all i ∈ N∗.
Now, consider i /∈ N∗ and suppose g1i = 0. In this case, following a unilateral

deviation by i to g1i = 1, it still remains a dominant strategy for each j ∈ N∗ to
choose g2j = 0 at t = 2. Therefore, i gains αi − mici > 0, while i′s continuation
payoff remains the same. Clearly, if

∑
i∈N̂ mi ≥ M̄ , and M̄ ≤ infi∈N̂ mi, at any

SPE, there exists some i ∈ N̂ , such that g1i = 0, with g1j = 1 for all j ̸= i and
g2i = 0 for all i. However, if

∑
i∈N̂ mi ≥ M̄ , and M̄ > infi∈N̂ mi, if gti = 0 for all

i, t, for any k ∈ N̂ , following a unilateral deviation by k to g1k = 0, it still remains
a dominant strategy for each i to choose g2i = 1. Therefore, k suffers a loss of
αk −mkck > 0 without changing her continuation payoffs. Thus, if

∑
i∈N̂ mi ≥ M̄ ,

and M̄ > infi∈N̂ mi, there is always a subgame perfect equilibrium with gti = 0 for
all i, t.
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Following the Proposition 2.2, the question ensues, which countries would be
the first to transition to low carbon economy. Intuitively, in equilibrium, only those
for whom it is cheaper to switch to low emissions, will do so, and they might be
enough to make a difference in the cost of the technology in the future period, so
that the rest of the countries will free ride in the first period but follow suit in the
second.

An example of a major transition that has started in one country and led to a
successful international treaty is the Montreal Protocol. Signed in 1987, it was a
product of several years of negotiations with the US having a markedly different
view on the cuts required to mitigate the ozone depletion than the rest of the world.
The protocol was an outcome of many forces confronting each other, but from a
bird’s-eye view, it was the unbending position of the US that provided incentives
for other nations to reconsider their stance (Morrisette 1989). At the time, the
US was the largest producer as well as consumer of chlorofluorocarbons (CFCs),
and the US-based chemical corporation, DuPont, was the company with the largest
market share, domestically and worldwide (Haas 1992). Although the country was
not large enough to single-handedly mitigate the issue, due to the size of the market
it did have the upper hand in the negotiations: the threat of a unilateral ban on
imported products containing CFCs represented a worse option for the European
manufacturers than a treaty with caps and cuts (Haas 1992). Stringent regulations
were instituted for the good of everybody, when originally only one country was
interested in this outcome.

The US was the key player in the CFCs market whom other nations could not
afford to ignore. The European companies already had manufacturing surplus and
could not have risked losing access to the US market, while the US, having its largest
producer ready to invest in alternative chemicals and move away from CFCs once the
alternatives were found, would close its market unilaterally if satisfactory pollution
reductions were not agreed on (Haas 1992). The fact that DuPont was in favour
of strict regulations was a boon to the US’s bargaining power and not only added
credibility, but actually transformed the market conditions thereby incentivising
smaller firms to seek alternative chemicals to move away from CFCs.

It appears that the US lowered the cost of technological substitutes for CFCs
through raising the cost of business-as-usual, and it was just enough to ensure that
the efficient equilibrium was chosen and sustained.

The development of the international ozone protection agreement can be viewed
as a two-stage process, where in the first stage, stratospheric ozone depletion was a
domestic issue for the US and some other countries (Morrisette 1989). There, it was
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already high on a political agenda and the public was in favour of pollution regula-
tions. This, and the fact that the US (being a pivotal member of the international
community) was the first to initiate the transition away from CFCs, were effectively
driven by the circumstances without directed traceable intervention. As part of the
supersonic transportation programme, ozone layer damage had been looked into
and established as an environmental threat (Morrisette 1989). Moreover, those in
power were either trained in science or sympathetic to scientists, which facilitated
the spread of knowledge and ensured that potential consequences of inaction were
well understood (Haas 1992). The influence of the scientific community cannot be
disregarded. Also not to be overlooked is the galvanizing effect of the discovery of
the Antarctic ozone hole which was not predicted by any model. Together with
bilateral conversations the US had been conducting prior to 1987, these and possi-
bly some other unaccounted circumstances resulted in a treaty that is still up and
running rather successfully.

The issues underpinning the adoption of an international emissions reduction
agreement are more complicated. There are more parties to the negotiations with
considerable bargaining power; the phaseout of fossil fuels and GHGs pollution
abatement is not merely about finding substitutes like it was with CFCs; the con-
sequences of inaction are uncertain and hard to quantify with adequate precision.
Climate change is simply a much more complicated problem than the ozone deple-
tion ever was. However, the story of network externalities and political spillovers
still has a part to play, especially in emerging markets, nascent industries and in-
novative technologies.

Following, there are several policy implications that arise from the model.
To identify the nations who are likely to be in N̂ , suppose that the linear payoffs

used in the example are actually linear approximations of intertemporal expected
utility, so that αi is proportional to the current marginal utility from high emis-
sion activities today evaluated at the current level of the per capita consumption,
whereas ci is proportional to the expected future utility loss in future per capita
consumption. This likely to be true if the nation enjoys high per capita consump-
tion at t = 1, so that αi is small and ci is high. Unsurprisingly, this implies that N̂
likely consists of wealthy nations who can afford reducing their emissions.

The assumption that emission cuts by a certain number of countries is needed
to lower the costs of reducing emissions for all other countries is, in part, an as-
sumption about the strength of positive technological spillover effects (Grafström
and Lindman 2017). It rests on the idea that any unilateral commitment to cut
emissions will stimulate policy/institutional/technological innovation that has pos-
itive spillover effects across nations. However, this is also an assumption that rests
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on the design of appropriate policy mechanisms – efficient information sharing and
design of targeted subsidies to facilitate technology transfer are some examples.
An international environmental agreement should, if not be based entirely on tech-
nology development and sharing, then at least incorporate articles that facilitate
investment and learning (Lindman and Söderholm 2012). Wind energy generation,
for instance, has achieved a maturity level at which learning has transformed from
domestic to international, so it is advised that public policies are coordinated in-
ternationally and target research, development and deployment (Langniß and Neij
2004). The treaty therefore should be a coordination device that chooses a subgame
perfect equilibrium that Pareto dominates the rest of them, since, as the proposition
above suggests, this is a game with multiple equilibria. It will likely be a narrow
treaty that only a few nations will ratify, and initially the scope of emission cuts
will not be very different from existing unilateral initiatives, but in the future, it is
expected to lead to considerable global emission reduction. In practice, building on
and operationalizing such a spillovers-based agreement may require a global funding
mechanism to subsidize both technology transfer and efficient information sharing.

Another channel through which a transition in one country can inspire a similar
shift in others is by reducing uncertainty about the cost of transition. Nations can
learn by simply acquiring a technology developed elsewhere and reverse-engineering
it, or by forming networks with a purpose of, for instance, addressing such pressing
matters as climate change. Such networks have become rather widespread in recent
years, and its actors range from communities and cities to whole nations. Among the
most prominent are the C40 Cities Climate Leadership Group, Asian Cities Climate
Change Resilience Network, Climate Mayors. Members of these networks cooper-
ate to exchange knowledge, provide technical assistance, share best practices and
facilitate their implementation. This insures cost sharing between countries/cities
and also creates more benefits from otherwise costly actions, such as alterations in
transportation system, upgrading existing buildings to be more energy efficient, etc.
C40, for instance, has a third-party implementation partner that in turn partners
with private companies to supply members with resources at lower price provided
that explicit planning for reduced emissions takes place (Román 2010). Not only
the costs are actually lower for certain policies for cities that are part of the group,
but by sharing experience and knowledge, the members can more accurately predict
the cost of a particular decision. The structure of the C40 is such that within the
network, there are smaller groups comprised of a handful of cities that focus on an
isolated environmental issue. Often, the cities form these groups on the basis of
facing the issue as their individual most pressing problem. London, for instance,
as the most polluted European city, leads the network on tackling air pollution by
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electrifying its public transport and introducing low emission zones. This sets a
precedence for other network members and allows them to learn not only the cost
but also the benefits of the policy.

Finally, an important conclusion of the model is that the costs associated with
high emissions cannot be completely avoided. Therefore, contrary to some prior
research (Harstad et al. 2019), the model suggests that in addition to mitigation,
sufficient investment is required to ensure that nations are in a position to adapt
to climate change.

2.4 Discussion and further developments

So far, the process of technology transfer has not been assumed explicitly, apart
from the fact that it exists. Technological trade is not commonly found in models
of international environmental agreements. Below I discuss a paper by Chatterji
and Ghosal (2009) that attempts to do that and is the only paper that I was able
to find close to my vision.

In a similar model as the one introduced earlier, minus the difference weights
countries have in the global emissions, the authors study how technology affects the
outcomes of the game. They assume that at t = 1, each country makes a choice
of whether to invest in a technology, xi ∈ {0, 1}, that lowers the relative cost of
cutting emissions at t = 2. The payoffs are linear and additive, so the way it lowers
the cost is by adding exactly xi to the country’s payoff (no discounting is assumed).
In order to invest, a nation has to pay an up-front cost of ki(xi) with ki(0) = 0

and ki(1) = ki > 0. Alternatively, nation i can obtain access to the technology
developed by nation j, in which case both nations will have the same benefit xi,
but only one will have paid the investment cost.

The analysis is performed with only 2 nations.
They consider the case when α1 − c1 < 0 but α2 − c2 > 0, so that without

an agreement, Nation 1 will always cut emissions, while Nation 2 will never do so.
The question they want to answer is whether there is such a price p21 that nation 2
would find it in its own self-interest to acquire the technology from nation 1. Since
its payoff from doing so is equal to 1− p21, it will access the technology if and only
if p21 < 1− (α2− c2). To ensure incentive-compatibility for nation 1, p21 ≥ −c1+k1

must hold. Note that k2 must be large, k2 > 1, to deter nation 2 from investing
unilaterally.

Deterring a nation from investing may sound counter-intuitive, but it is simply a
matter of efficiency – investing twice in the same technology, while one nation could
do it and pass the technology to the other for free, is not rational. This is what
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Barrett calls an overinvestment and hopes to avoid with the help of an international
treaty (Barrett 2006).

Therefore, under certain conditions on parameters, nation 1 would invest and
nation 2 would acquire the technology from nation 1 at a price p21, which can be
positive or negative, in which case it is a subsidy. The agreement would specify
the price, so that with (possible subsidized) technology transfer, there is a path to
cumulative emissions reduction.

The most interesting case of both nations benefiting from continuing with high
carbon activities is not discussed.

The paper is incomplete in many ways and it leaves the reader with several
intriguing questions. One obvious question is about the outcome of the game when
neither of the nations wants to cut emissions unilaterally. Would the presence
of technological trade encourage one of them to do so? How would an investing
nation be chosen? Would they need an agreement to determine the price? Another
question is, if one nation decided to invest unilaterally, what is its motivation?
Could other nations be motivated to invest in a similar fashion?

It also lacks an empirical confirmation of the strength of technological spillovers
pertaining specifically to the context of the chapter. The key empirical question
which one would want to ask is by how much does adoption of a “green” technology
by country j at period t increase the likelihood of adoption of the same technology
by country i at period t + 1. The main problem in trying to answer such question
would be data. What green technology should the focus be on? What policy
interventions have “speeded up” the adoption of that technology?

The most obvious choice would be to look at a green technology which has
been around for many years and which has become widely adopted over time. The
two possibilities are wind and solar energy. Higher investment in either of these
technologies leads to lower emissions in the energy sector, but initially, these green
technologies were more expensive per unit than fossil fuel technologies.

World Bank, the International Energy Agency and the OECD would be the first
point of call to look for data on cumulative installed capacity for different coun-
tries over time. One would identify individual countries as leaders (e.g., Denmark
or Germany for wind energy), and then look at whether the relationship between
investment in wind in either of these countries has resulted in higher rates of adop-
tion in other countries. That of course means trying to control for other factors
driving green technology adoption, such as the price of fossil fuels, foreign direct
investment inflow, net electricity imports, GDP per capita, energy import, energy
intensity, greenhouse emissions, etc.
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One could also look at policy instrument such as carbon or energy taxes – have
these aided the rate of adoption?

These questions I will try to answer in the next chapter and in the future re-
search.

2.5 Conclusion

In this chapter, I seek to find a way to introduce technology to the model to answer
several important questions. Observing the climate crisis unfolding despite interna-
tional best effort begs the question: what are the treaties of Kyoto and Paris doing
wrong and how do we fix it? It is evident from the literature and my model that ba-
sic models that do not explicitly account for technological change in an endogenous
way, do not paint a pretty picture – the size of a stable coalition is small, especially
when gains from cooperation are large. Thus, technology must be introduced, and
it has been in many models, but there are only two main approaches that I have
identified. One is abatement-based, the other is emissions-based and technology is
a stock. Both approaches are problematic for answering the questions above. The
first cannot model accumulation of damages and delay, the second does not suit for
modelling technology transfer by means of trade.

I then introduce my own simple model with and without technology and verify
its predictions against the literature. There is no stable multilateral agreement
which sustains full cooperation in a variation without technology, while there is
multiplicity of equilibria in a variation with endogenous technology and even the
grand coalition is stable. Even this model however does not allow for technological
trade, so I then discuss an introductory version of a model that does by Chatterji
and Ghosal (2009) and conclude with open questions that I intend to answer in the
next chapter.
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Chapter 3

Technology, Unilateral Actions and
Global Emissions Reduction:
Dynamic Game of Climate Change

3.1 Introduction and related literature

The game of climate change has been studied extensively by economists over the
past decades, and many approaches have been used to find the optimal mitigation
solution (for a comprehensive review refer to Carattini et al. (2019)). The clas-
sical approach relies on dynamic games and considers international environmental
agreements as the outcome of a stage game where countries first decide on whether
to join a coalition and then on how much to emit given the decisions of others
(Barrett 1994). The models of this type have been modified over time to study
the effects of uncertainty about the benefits and costs of mitigation efforts and the
role of learning (Finus and Pintassilgo 2013; Ulph 2004; Kolstad 2007). They have
also been turned into repeated games where countries invest in technology (clean
or otherwise) and pollute on an infinite time horizon, with the classic stage game
representing one period. The studies utilising this approach either focus on iden-
tifying an often unique Markov perfect equilibrium (Harstad 20121; Harstad 2016;
Battaglini and Harstad 2016), or, aiming to solve for self-enforcing treaties, look
for subgame perfect equilibria (Harstad et al. 2019).

The models described above are the main tools in studying global cooperation
in climate change mitigation. Other approaches make use of capital accumulation
games (Chander (2017), building on Dockner et al. (1996)), mechanism design (Mar-
timort and Sand-Zantman 2016), macroeconomic models of growth where climate
is included as a parameter of the production function (Nordhaus 1993a; Nordhaus

1In this model, the MPE coincides with SPE if the time was finite but approached infinity.



Chapter 3. Technology, Unilateral Actions and Global Emissions Reduction:
Dynamic Game of Climate Change

73

1993b; Nordhaus and Yang 1996), and Nash bargaining solution (Carraro and Sinis-
calco 1993). The concept of the core can also be applied to the game of climate
change. Although, it has been shown that the core is empty in economies with
negative externalities (Shapley and Shubik 1969), under certain assumptions and
with some modifications to the concept of the core, it can be non-empty when pub-
lic "bad" such as environmental degradation is present, and the solution will then
be analogous to Lindahl equilibrium (Chander and Tulkens 2006b; Chander and
Tulkens 2006a).

Empirically, public goods games have been employed to test the theoretical
predictions (Barrett and Dannenberg 2012; Barrett and Dannenberg 2014; Barrett
and Dannenberg 2017).

The primary narrative of global climate policy has thus been collective action
theory. According to this view, climate change is a public "bad", whose mitigation
is therefore a public good, free-riding is the culprit to global cooperation and all
efforts of the global commons should therefore be directed at deterring it. Climate
change is a prisoner’s dilemma type game and requires commitment mechanisms
to force players to cooperate on a Pareto efficient outcome (for a more detailed
discussion see Barrett (2005b)). Any treaty that aims at deep global emission cuts
should focus on re-engineering the incentives and changing the underlying game
structure, relying on external penalty such as import tariffs and taxes (Barrett and
Stavins 2003; Nordhaus 2015). A pledge review process that is incorporated in the
Paris agreement may be marginally better than no review, but so long as it does
not restructure the payoffs, the treaty is of limited help to the environment (Barrett
and Dannenberg 2016).

There are other reasons why prisoner’s dilemma is the basis of modern interna-
tional climate treaties analysis. For instance, since every country’s contribution to
global environmental damage is small relative to the overall temperature rise and
it can only claim a small proportion of global mitigation benefits, every nation has
incentives to free-ride on the efforts of others. Also, increasing marginal abatement
costs and a hold-up problem due to worsened future bargaining position of the na-
tion that heavily invests in green capital at present make countries more reluctant
to cooperate and participate in global environmental treaties (Beccherle and Tirole
2011; Harstad 2012; Harstad 2016).

Settling on this perspective has implications. First, framing the problem in
terms of burden sharing makes national decisions interdependent to a point when
the choices of one country are conditional on the choices of the others. Surely,
climate change is the story of negative externalities with emissions of one coun-
try inevitably entering the payoff functions of all other countries, but this is not
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the same as assuming that their policies are conditioned on each others. There
are reasons to believe that public support for domestic policies and mitigation ac-
tions is not affected by the mitigation efforts (or lack of thereof) of other nations
(Bernauer and Gampfer 2015; Bernauer et al. 2016; Beiser-McGrath and Bernauer
2019). Moreover, actions of national leaders tend to be unconditional as well (Ak-
lin and Mildenberger 2020)2. Governments can also act on climate change due to
domestic pressure or to address pressing environmental domestic issues (Keohane
and Oppenheimer 2016).

Second, assuming that the underlying game is a prisoner’s dilemma implies that
every country has a dominant strategy of not reducing its emissions, under any
circumstances. While this approach could explain the observed inaction in global
climate policy, it does not explain ample actions taken by some countries or group
of countries to reduce their carbon footprint, such as the climate policy of the
European community or aggressive uptake of renewable energy in China. On the
other hand, the lack of action could be due to carbon lock-in (Unruh 2000b), desire
of leaders to enjoy political rent by staying in power at the expense of social welfare
(Acemoglu and Robinson 2000b), uncertainty about the post-transitional wealth
distribution (Fernandez and Rodrik 1991), agents’ short-termism and many more.
Free-riding concerns, while may be of some importance to the parties involved, do
not have to be invoked to explain global climate mitigation procrastination (Aklin
and Mildenberger 2020).

Additionally, a different view is offered by Carraro and Siniscalco (1993), who
hypothesize that the underlying game is rather the game of chicken, which is a coor-
dination game with multiple equilibria and no dominant strategy. The observation
they make is that "all countries have an incentive to let the others cooperate" (Car-
raro and Siniscalco 1993, p. 322), which puts an emphasis on coordinating one’s
policy choice so as to maximize individual gains, which may happen with emissions
unchanged as well as being a part of a stable environment-preserving coalition.
They contend that, unlike in most of the models where nations are assumed sym-
metric and identical, there is asymmetry in practice and countries differ in their
preferences, technology, abatement costs, etc., which leads to different preferred
climate strategies. For instance, countries with lower abatement costs may choose
to form a coalition, while those with higher abatement cost may want to allow them
to do so using transfers. The equilibrium selection process is not in question here,

2To support their argument, the authors invoke two episodes of climate policymaking in the US
that are mostly interpreted as support for conditional cooperation, but propose that in those in-
stances, the parties involved were in fact "unconditional non-cooperators" who were not interested
in a climate treaty in the first place and used collective action account and free-riding concerns to
justify their position.
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but the multiplicity is obvious, which is not a feature of a prisoner’s dilemma type
game.

Coordination game can also arise if the model incorporates the idea of an envi-
ronmental tipping point - there is a possibility of experiencing a catastrophic dam-
age if the threshold global abatement level is not achieved (Barrett 2013). However,
uncertainty about the abatement needed to avoid the runaway climate change is
likely to turn the coordination game into, once again, a prisoner’s dilemma.

Another reason why prisoner’s dilemma may not accurately represent the re-
ality of climate negotiation is reversal to business-as-usual as a punishment for
non-compliance with the terms of the treaty. When environmental agreements are
modelled as repeated games and players have a dominant strategy of not reducing
emissions in any one stage of the game, a penalty is needed to prevent them from
defecting from a Pareto optimal equilibrium. External motivation in a form of a
concomitant trade agreement which permits import bans and tariffs would be the
best non-compliance deterrent (Nordhaus 2015). The Montreal protocol thrived on
a unilateral threat of trade bans by the pivotal player in the market of chlorofluoro-
carbons, which was credible and could potentially wreak havoc on non-complying
national economies (Haas 1992). However, climate change is not caused by a single
polluting substance, nor does the solution lie in simply finding alternative chem-
icals without altering the fundamentals of the economic and societal systems, so
no major climate change mitigation agreement is tied to trade sanctions. This
leaves internal compliance mechanisms as the only option. Alas, those are neither
renegotiation-proof, nor credible in the form they are usually assumed in the liter-
ature. Let me elaborate on this point. It is a common practice in the models of
international environmental agreements to assume that, upon observing a defection,
other members of the treaty immediately revert to business-as-usual to penalise the
defector (Dutta and Radner 2009). Since this is never observed in equilibrium, the
particular form of punishment is not that important as long as it is credible. But
this is in theory. In practice, however, reversal to business-as-usual seems prob-
lematic. Implicitly embedded in a nation’s ability to increase emissions at the first
sight of non-compliance is the assumption that capital can be built overnight and
thrown away once acquired. Realistically speaking, none of these actions are pos-
sible or rational. More importantly, the specificity of climate change mitigation
lies in immediate costs in exchange for delayed benefits. So, once the costs have
been incurred, would a nation stop pursuing a low-emission strategy merely because
another nation somewhere did not fulfil its promise? Unlikely.

Collective action theory as the basis of international environmental agreements
also abstracts too much from national political agenda. Political scientists have been
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arguing that such approach, although being a reasonable simplification, should not
be so widely adopted, and domestic and international politics are intertwined and
should be considered together.

International negotiations should thus be analysed as a two-level game where
participants have to reconcile international and domestic needs. It would be wrong
to consider each level in isolation (Putnam 1988). Some economists internalized this
idea in search of the explanation for the "paradox of weak agreements" introducing
re-election concerns into the model (Battaglini and Harstad 2020). The agreement
there is signed strategically so as to affect the preferences of the median voter and
maximize the probability of staying in power. Adding domestic political concerns
thus leads to different results and may prove to be indispensable if we are to address
global warming effectively.

Lastly, collective action approach and especially free-riding concerns lack em-
pirical support in global climate politics. To be precise, the experiments designed
to analyse the relationship society has with climate change mitigation do so within
a collective action framework (Barrett and Dannenberg 2012; Barrett and Dan-
nenberg 2014; Barrett and Dannenberg 2016), but this does not provide evidence
supporting free-riding as the main driver behind the weakness of global climate
action. Domestic distributional conflict can explain the observed inaction equally
well (Aklin and Mildenberger 2020). The authors do not discard free-riding as a
non-existent issue. Rather, they believe it not to be of utter importance. Climate
change policies will create winners and losers whose identities cannot be known in
advance. This inevitable wealth redistribution holds governments’ hands tied while
they try to keep current constituencies happy. This, and not free-riding concerns,
prevents them from implementing stringent climate policies that could deliver a
socio-economic transition in the shortest period of time.

Taking importance of domestic distributional conflict and re-election concerns at
par value, it can be deduced that nations mostly act unilaterally - national leaders
strive to stay in power even if it does not maximize social welfare (by signing
weak suboptimal treaties, for example). This view would be the polar opposite to
collective action account, but still extreme and unlikely to reflect the reality well.
Merging these two approaches may yield the most accurate predictions and insights
about global climate cooperation.

In this paper, I propose a model that does not draw heavily on collective action
approach, neither does it presume the governments are being driven primarily by
the re-election concerns. National leaders are still assumed to act unilaterally.
However, the term is not understood here as it is in most of the literature. The
difference is subtle but important – each nation does not act out of concern for global
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environment, but this does not imply that it does not act at all. As Nordhaus (2015)
briefly pointed in his work on climate clubs, the nations who would start the club
may be the ones with the lowest abatement cost or highest environmental damage.
Therefore, in my model, asymmetric environmental damages are key. Under these
circumstances, some countries will inevitably start to experience the damage earlier
than others: local pollution may become so high that it affects public health already
at present, the sea level rise may submerge entire areas of a country and threaten
to submerge more, etc. It is these countries who have incentives to act unilaterally
even if no other nation does. Their leaders are not driven by desire to stay in power.
They are simply addressing domestic pressing environmental matters, which they
have direct interest in mitigating. The question I am thus interested in is what effect,
if any, these acting countries have on nations with no such natural incentives.

Mine is not the first paper to study unilateral emission reductions and the rea-
sons behind it. It has been suggested elsewhere that when there is private infor-
mation about asymmetric environmental damages, a country may want to reveal
its type through signalling high damage cost with early emission cuts (Brandt and
Nannerup 2013). This action may, however, lead to carbon leakage, i.e., increased
emissions from other nations, but only if technological advancement and cross-
country spillovers are considered exogenous or non-existent. On the other hand,
a treaty that relies on adoption of a green technology with increasing returns can
be successful in sustaining high level of international cooperation (Barrett 2006).
Similarly, if countries differ in their preferences towards the environment, and tech-
nology spillovers are allowed, it is possible to observe emissions reduction in all
nations when the preferences change in only one of them (Golombek and Hoel
2004).

Another driver of early unilateral actions may be heterogeneous (but known)
values put on environmental protection. This way, the burden of contributing to
the global public good lies mostly on the nations with the highest valuations, and
if technology sharing is facilitated, then in equilibrium, their green investment can
be even larger (Elsayyad and Morath 2016).

I develop this idea further by introducing uncertainty allowing for explicit tech-
nological exchange. The issue of interest is whether cumulative global emissions
reduction is possible without an international agreement or with one of a largely
voluntary nature such as the Paris agreement: if the cost of developing a green
technology is not known in advance, but once developed, it can be acquired at a set
price. By assuming the presence of technological spillovers (by acquiring access to
it and not through weak intellectual property rights), I analyse global cumulative
carbon emissions dynamics, and whether significant reductions are possible when
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the nature of actions is rather voluntary.
In this chapter, we propose a novel approach to a standard question of global

emissions reduction path. It is standard in the literature to assume that nations
suffer from global pollution, disproportionally to their contribution, but according
to their individual damage ratio. We instead assume that each nation presently
suffers only from its own accumulated pollution, while the damage from global
emissions is delayed until the third (last) period. This allows us to model the
incentives some nations might have to invest in emission-cutting technology. We
assume that nations only act non-cooperatively, in their best interest, and will not
reduce emissions for the good of the world if this action is dominated. There is
no utility or cash transfers between the nations, which is an extreme assumption
on their selfish nature, which probably only partially holds true. But the opposite
assumption is even more dangerous because then, the solution would rely on the
existence of the transfers, and, as Chander (2017) put it, they would be a necessity
and not a choice. If the reality proves that transfers are impossible, the model
that assumes otherwise would be invalidated; but if the transfers were possible,
the model that did not rely on their existence for its predictions would only be
enhanced.

The question we ask is under what circumstances we can observe significant
global emission cuts, and what role does a treaty have to play when nations only
act non-cooperatively.

The model gives rise to some interesting dynamics. Nations’ decisions change
depending on their proportional share of global emissions. As such, a small nation
is less likely to invest in technology than a large one is. This is because a large
nation stands to gain more from its own reduction in the future. Also, in some
setting, investing earlier is an inferior option to investing later, despite the nations
being time-consistent. But in line with standard folk theorems, investing at t = 1

would be a dominant action for a large enough discount factor. Technological trade
makes nations more willing to invest because it allows them to recover some part
of the investment, and if, in the absence of trade, no nation would invest, when
the trade is allowed, full adoption over time is possible to observe. This outcome
suggests that the intellectual property rights should be strengthened and protected
to ensure that an investing nation can capture the benefits associated with sharing
the technology down the line. The agreement thus only specifies the technology
price and defines the property rights around it. There is no bigger role for it in
our model. Unless some considerably sized nations suffer from early environmental
damages, there is naught a treaty could do to encourage investment.

Recently, top-down Kyoto protocol has been substituted with a bottom-up Paris
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agreement, and neither seems to be satisfactory for many scholars. While Kyoto is
obviously a failure, Paris is only predicted to be one, but is already being heavily
criticized for being inefficient, unable to deter free-riding, and just "an inadequate
response to climate change" (Gollier and Tirole 2015, p.12). Other authors are
slightly more optimistic and believe that the improvement in global climate pol-
icy may occur because states, industries and public recognize the severity of the
problem, and their interaction at the domestic and international levels will create
incentives for them to act (Keohane and Oppenheimer 2016). Its success will de-
pend on whether national interest groups who hold the power will be interested in
supporting stringent environmental regulations. With this paper, I would like to
provide even more reasons to be optimistic. All is not lost because grand coalition
is not stable and free-riding is not successfully deterred. Nations are not playing a
prisoner’s dilemma game, so the solution will not be what we expect either. Does
not mean it will not be enough to avoid a calamity.

3.2 Model with local damage

The model builds on the following preliminaries. All countries perform activities
that emit greenhouse gas as a byproduct and derive some benefit from such ac-
tivities. At the same time, accumulated pollution affects countries differently, and
some may experience consequences earlier than others. Any country can choose to
invest in green technology and in this way reduce its emissions. Other countries
can then choose to acquire this technology for a price and reduce their emissions
as well, even though there is no immediate and obvious consequences for them of
continued pollution (yet). We want to study under what conditions this process
will lead to significant global emissions reduction.

There are some key elements such model has to have to fill in the gaps in the
literature.

There must be explicit asymmetry which generates different strategies and pat-
terns. It is common to introduce country-specific coefficients or indices while keep-
ing functional form of a per-period utility function the same (Dutta and Radner
2009, Harstad 2012, Harstad 2016, Battaglini and Harstad 2016), which results in
a stationary Markov perfect equilibrium generally referred to as business-as-usual
(BAU). From this benchmark, the papers proceed to analyse different levels of co-
operation, length and depth of agreements, best contractual variables (emissions,
investments, or both).

Some papers deal with asymmetry more explicitly. Barrett (2001) considers two
types of countries depending on their parameters, i.e., one type benefits more from
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global abatement than does the other. Apart from this work, most efforts have been
directed to study asymmetry in the context of uncertainty about environmental
damages and how learning may affect international cooperation (Na and Shin 1998,
Kolstad and Ulph 2011).

This second type of models rely, however, on the stage game approach with no
stock variables or green capital, that both are the two indispensable elements of our
model. These have been taken into account elsewhere. Technology, for instance, has
been incorporated in the works of Harstad and Battaglini (Harstad 2012, Harstad
2016, Battaglini and Harstad 2016). There, it is treated as a stock and it is not
easy to re-interpret the model to reflect the element of technological trade in a
way that would considerably alter the behaviour of the purchaser of the technology
(although Harstad (2016) does include a section devoted to trade policies and in-
tellectual property rights). Harstad (2016) also introduces a stochastic element in
the form of time-independent shock to global greenhouse gases stock and techno-
logical externalities as part of a per-period utility function. Since the shock affects
all countries in the same way, this does not generate interesting new dynamics as
compared to the case without stochasticity. Note also that in all of his papers on
this topic, Harstad reformulates the model from being a game with stocks to a
repeated game by rewriting the instantaneous utility function to not contain any
stocks explicitly, which is only possible because the stocks are not payoff relevant
in the Markov perfect equilibrium sense.

It is also important to notice that in the literature on environmental agreements
and cooperation, there is an idea that emissions reduction undertaken by a group
of countries can lead to a treaty with wider participation and considerable global
cuts. Barrett (2006) sees such treaties as a result of increasing returns to scale of
the new technology, Nordhaus (2015) – as a consequence of creating a climate club
with exclusive benefits and punishment for non-participation. Another reason can
be multiplicity of equilibria, so that a treaty would play a role of a coordination
device and some countries, somehow, would be the first to join. However, there
is no game-theoretic rationale as to how these countries are chosen and why. I
would like to fill this gap by modelling asymmetry explicitly through experienced
environmental damage function. Technology in this case is the only channel through
which countries can influence each other’s behaviour: a presently suffering country
who has developed a costly technology can grant access to it (for a fee) to a nation
with less interest in reducing its emissions. Such uninterested nation may wish to
acquire the technology if the price is low enough.

The complex interaction between nations, sequentiality and heterogeneity imply
that the number of agents will have to be limited if we want to characterize a closed
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solution rather than solving the model numerically, and each period will need to
be described and considered separately from the others. Thus, while a stationary
equilibrium can possibly occur at a benchmark solution, it is unlikely to represent
optimal behaviour. In an optimum, a change in countries’ actions is expected to
take place, i.e., the nation would be expected to switch from positive emissions to
none at t = 2 if another nation has invested in technology at t = 1.

For simplicity, the are three nations, i, j and k, and three periods. Every country
derives benefit from individual consumption, but production comes with pollution
as an externality. A country may choose to invest in a technology that would
lower emissions while still allowing it to keep the consumption level unchanged.
While the most attractive way to model this could be similar to Harstad (2012), as
discussed earlier, this formulation does not permit an easily definable technological
trade (but it does permit spillovers in other ways, such as licensing and intellectual
property rights). Thus, clean technology needs to have a more defined threshold
of implementation; a point after which technology is operational and available for
sale. There are multiple ways of introducing technology to satisfy this. For one,
it can be a switch style variable, which simply changes emissions from high to low
without affecting the output. Another way would be to follow Harstad but add
separate R&D cost to the utility function if a nation decides to go green. Once
paid, this sunk cost allows emissions to be reduced proportionally to accumulated
green capital as well as selling this technology to other countries.

As an interesting extension, the research and development costs can be not
known in advance, only roughly estimated. They can turn out to be surprisingly
low or prohibitively high, and this is the uncertainty that deters countries from
investment in the first place. This would also be a clear advantage of acquiring
technology over developing it – the price of purchase is predefined with no un-
certainty. This can be incorporated into the model by assuming that the cost of
technology can be high or low with probabilities pi and (1 − pi) respectively. The
probabilities can and should vary from country to country.

As in all of the literature on international environmental agreements, there is
also global pollution cost, which is an increasing function of accumulated emission
stock, but the global damage is delayed to t = 3. In addition to this, I introduce
local pollution which is a function of only local emissions, and thus nations have
significant control over it. As another interesting extension, it may be affected
by a shock as in Harstad (2016) which is a function of green technology. In the
simplest scenario, it can be completely eliminated as green technology is developed
or acquired. Local damage can also be uncertain in its magnitude.
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In the first period, the shock to local pollution is realised and every country ob-
serves the damage. The shock occurs once at the beginning of the game and local
pollution is realised for the whole game. This step can be interpreted as Nature’s
move with each country learning its own type – high or low local damage. Once
the type is determined, it persists for the rest of the game, which, coupled with
the fact that local damage also depends on the stock of local emissions, implies
that a country with a high local damage will only suffer more over time if miti-
gation/adaptation technology is not developed. So, at this stage, such technology
can be invested in, but it will only become operational in the next period. It is
assumed that once developed, it does not require any more investment. Therefore,
we are not talking about green capital, but rather about breakthrough technologies
as discussed in Barrett (2006) that require large research and development expenses
and have unknown total development cost ex ante.

The game description is as follows.
At t=1, there are 3 countries, i = 1, 2, 3. Their production yi,t can be by means of

clean or dirty technology. Harstad (2016), for instance, talks about energy that can
be3 derived from renewable and non-renewable sources. The latter is by default; the
former requires special technology to be developed internally or acquired externally
from a nation who had developed it in the previous period (there can thus be no
acquisition at t = 1). Whichever production method is chosen, it will cover the
needs of the economy, but with different efficiency, so that yi,t = gi,t when no clean
technology is employed, and yi,t = ei,t otherwise. The benefit from different types
of technology is bigi,t > aiei,t. The variables are binary, so that at any time, the
country can decide to either be green, ei,t = 1, gi,t = 0, or vice versa, but never
both at the same time. As modelled, old dirty technology is simply more efficient.

As a result of production activity, there is cumulative national emissions, Gi,t =

qGGi,t−1 + gi,t with normalised initial level Gi,0 = 0 for simplicity, and cumulative
global emissions, Gt = qGG0 +

∑
i migi,t =

∑
i miGi,t, where the mass,

∑
i mi = M ,

is necessary since pollution is binary. In every period, 1−qG share of global pollution
is dissipated in the atmosphere, while qG ∈ (0, 1] survives till next period.

At this stage, each country suffers from its own cumulative pollution, but to s
different extent. Similar to Na and Shin (1998), there is some θi ∈ {d1, d2, d3}, with
d1 < d2 < d3, which defines country i’s local damage from its own economic activ-
ity. For instance, China suffers significantly from air pollution caused by domestic
industry, so it could be said to have θChina = d3, while Norway has very low level
of local pollution, so θNorway = d1. The damage is linear and equal to θiGi,t.

Any nation can choose to invest in green technology which costs ki to develop
and takes one period to mature (if invested at t = 1, country i will stop polluting
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and move to clean production at t = 2). An intriguing modification could introduce
some uncertainty here and assume that technology may or may not mature in the
next period, at which point a nation can either sink the cost and not continue with
the investment or invest another ki and wait for the next period, when it may again
not mature, with some probability. This would reflect the fact that it is not possible
to know at the R&D stage how soon a new technology will become operational and
how much investment it will require. For the basic model however it is not needed.

At t=2, those nations who have not invested before can choose to acquire the
technology from the ones who have, at a price pij, if i is purchasing the technology
from j. As before, it takes time for green capital to be built, so the the technology
becomes operational at t = 3. Note that if the uncertainty about maturity time is
introduced as suggested above, there would be no uncertainty with the acquisition,
and that would be a clear advantage that might discourage nations from investing,
waiting and hoping that somebody else would take on a role of a market leader
and resolve the uncertainty for themselves. Without these modifications, the main
advantage technological acquisition has over its development is in the ownership
itself. Some of the cost can be reimbursed by the buyer to the developer. This
advantage would be lost if intellectual property rights are not enforced properly.

At t=3, global damage is realised (while local damage simply keeps accumulating
throughout the game), linear in global pollution, ciGt. There is no decision to be
made. It is the last period when nations get the payoffs based on the decisions they
had already made.

It is important to define how the technology works. The model is versatile and
can incorporate different types of green technology.

1. Mitigation technology such as clean energy, for instance, eliminates emissions
from the moment it becomes operational, but does nothing about cumulative
emissions from the previous periods. It does not reduce global damage either
other than through reduced global emissions. Thus, such technology would
set gi,τ+1 = 0, ei,τ+1 = 1, if τ is the period when investment/acquisition was
made. Nation i’s damage is then θiGi,τ > 0, θiGi,τ+1 = θiGi,τ , ciGt > 0.
In essence, it freezes the severity of damages at a level that was experienced
in period when investment was made. The environment does not deteriorate
locally further, but it does not heal either, and global damage is experienced
in full, minus own emissions following the technology implementation.

2. Technologies such as carbon capture and storage, on the other hand (which
we would classify separately from mitigation and adaptation types), eliminate
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future local emissions as well as previous ones, so that cumulative local pol-
lution is negated, gi,t = 0, ∀t, and so is local damage, Gi,t = 0. However,
global damage as a term is still not eliminated as long as any nation pollutes
and does not similarly clean up after itself, so that ciGt = ciG−i,t, where
G−t =

∑
j ̸=i mjGj,3.

3. Lastly, an adaptation technology can fully eliminate local damage as well as
global damage, not associated emissions, so that θiGi,τ+1 = 0, ciGτ+1 = 0,
but only for those nations who have the technology. Unlike carbon capture
and storage, it does not remove previously accumulated emissions from the
atmosphere, and unlike mitigation technology, it does not reduce future mis-
sions. Instead, it eliminates both global and local damages. We can think of
it as reducing ci and θi all the way down to zero.

The game can be solved with several interesting modifications.

• Uncertainty about technology maturity, sunk cost and repetitive investment,
as discussed above. After the first investment is made, technology may or
may not mature in the next period, at which point a nation can ignore the
sunk cost and not continue with the investment, or invest another ki and wait
for the next period, when it may again not mature, with some probability.

• Uncertainty in the benefits of new technology, ai (similar to Zhou et al.
(2020)). If spillovers are defined similarly to Zhou et al. (2020) as well –
learning the value of the parameter through someone else’s experience with
it – then the model would be closer to the literature on learning (Ulph and
Ulph 1996, Ulph 2004, Kolstad 2007, Kolstad and Ulph 2008). The benefit
ai can also be defined as a function of time to reflect the idea that the more
time passes, the more efficient technology becomes.

• Uncertainty about the timing of global damage. The game does not have to
finish at t = 3. It can go on forever, with countries being hit by global damage
differently, at some unknown period in the future, and forever from then on.

• A domestic decision layer can be added in a fashion of Battaglini and Harstad
(2020), by introducing a median voter who re-elects a new incumbent in every
period. This implies that whoever rules at t is only in power for one period,
so a commitment to long term policy is impossible. In a model where the
maturity time is uncertain, this modification may prove a serious deterrent to
green transition as compared to an authoritarian leader who is in power for
the duration of the game.
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3.3 Benchmark solution

For the benchmark solution there is no uncertainty other than in the magnitude of
the local damages, and even that is resolved before any decision is made.

We start by summarizing the payoffs and relevant notations. Define:

G−i,3 =
∑
j ̸=i

mjGj,3

M =
∑
i

mi

M−i =
∑
j ̸=i

mj

Gi,1 = gi,1

Gi,2 = qGgi,1 + gi,2

Gi,3 = q2Ggi,1 + qGgi,2 + gi,3

G3 = miGi,3 +G−i,3 = miGi,3 +
∑
j ̸=i

mjGj,3

G−i,3 =
∑
j ̸=i

mjGj,3 = mjGj,3 +mkGk,3 =

= q2G(mjgj,1 +mkgk,1) + qG(mjgj,2 +mkgk,2) + (mjgj,3 +mkgk,3)

The following sets of equations describe the payoffs at different periods, for
different types of technology.

3.3.1 Mitigation technology

Define πi,3(1) as i’s payoff from having invested at t = 1, measured at t = 3. Simi-
larly, πi,3(2) is the payoff at t = 3 from having acquired or invested (in) technology
at t = 2; πi,3(n) is the payoff at t = 3 from never reducing emissions. Payoffs at
t=3 are in general as follows.
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πi,3(n) = B(gi,3)− θiC(Gi,3)− ciG3 = bigi,3 − θiGi,3 − ci(miGi,3 +G−i,3) =

= bigi,3 − (θi + cimi)Gi,3 − ciG−i,3 = bigi,3 − (θi + cimi)(q
2
Ggi,1 + qGgi,2 + gi,3)−

− ciG−i,3 = (bi − θi − cimi)gi,3 − (θi + cimi)(q
2
Ggi,1 + qGgi,2)− ciG−i,3

πi,3(2) = A(ei,3)− θiC(Gi,3)− ciG3 = aiei,3 − θiGi,3 − ci(miGi,3 +G−i,3) =

= aiei,3 − (θi + cimi)Gi,3 − ciG−i,3 = aiei,3 − (θi + cimi)(q
2
Ggi,1 + qGgi,2)− ciG−i,3

πi,3(1) = A(ei,3)− θiC(Gi,3)− ciG3 = aiei,3 − θiGi,3 − ci(miGi,3 +G−i,3) =

= aiei,3 − (θi + cimi)Gi,3 − ciG−i,3 = aiei,3 − (θi + cimi)q
2
Ggi,1 − ciG−i,3

Eliminating the variables for emissions, ei,t and gi,t, and doing so for all the
payoffs below, payoffs at t = 3 are

πi,3(1) = ai − (θi + cimi)q
2
G − ciG−i,3

πi,3(2) = ai − (θi + cimi)(q
2
G + qG)− ciG−i,3

πi,3(n) = (bi − θi − cimi)− (θi + cimi)(q
2
G + qG)− ciG−i,3

Define πi,2(1) and πi,2(n) in a similar way. Note that πi,2(2, pij) and πi,2(2, ki)

are the payoffs from purchasing the technology at t = 2 and investing at t = 2,
respectively. Also, we assume that future per-period payoffs are discounted at rate
δ, common for everyone. We further eliminate qG from the model by setting it
equal to 1, because its existence does not have a value of its own, and in short time
frames, only negligible amount of carbon dioxide is decayed naturally.

Payoffs at t=2:

πi,2(1) = − [θi + δ(θi + cimi)] + [ai] + [δai]− δciG−i,3 + pji + pki

πi,2(2, pij) = − [θi + δ(θi + cimi)] + [(bi − θi)− δ(θi + cimi)] + [δai]− δciG−i,3 − pij

πi,2(2, ki) = − [θi + δ(θi + cimi)] + [(bi − θi)− δ(θi + cimi)] + [δai]− δciG−i,3 − ki

πi,2(n) =

= − [θi + δ(θi + cimi)] + [(bi − θi)− δ(θi + cimi)] + δ[bi − θi − cimi]− δciG−i,3

Colour-coded to stand out, in the first equation we have the possibility of selling
the technology to both j and k if none of them has invested at t = 1. These terms
however may not be part of the payoff if both or even one other nation has also
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invested in technology.
Lastly, payoffs at t=1 are

πi,1(1) = [bi − θi − δθi − δ2(θi + cimi)] + [δai]+

+ [δ2ai]− δ2ciG−i,3 − ki + δ(pji + pki)

πi,1(2) = [bi − θi − δθi − δ2(θi + cimi)] + [δ(bi − θi)− δ2(θi + cimi)]+

+ [δ2ai]− δ2ciG−i,3 − δpij

πi,1(2) = [bi − θi − δθi − δ2(θi + cimi)] + [δ(bi − θi)− δ2(θi + cimi)]+

+ [δ2ai]− δ2ciG−i,3 − δki

πi,1(n) = [bi − θi − δθi − δ2(θi − cimi)] + [δ(bi − θi)− δ2(θi + cimi)]+

+ [δ2(bi − θi − ci)]− δ2ciG−i,3

Solving the game by backward induction, we first look at the decision at t = 2.
If nation i acquires or invests at t = 2, then it cannot pass the technology down
to any other nation. This is due to the game only take place across three periods
and may be eliminating an interesting scenario to model where nation j develops
the technology at t = 1, nation i buys it at t = 2 and sells it to nation k at t = 3.
This bypasses intellectual property rights law and allows country i to capture the
benefits that it has no right for. Country j would therefore be partially discouraged
to invest. This case is however beyond the scope of a three-period model.

Lemma 3.1. If pij ≤ δ(ai − (bi − θi − cimi)), then i would prefer to acquire the
technology from j at t = 2 to never having done so; similarly, if ki ≤ δ(ai − (bi −
θi− cimi)), then i would prefer to invest in the technology at t = 2. If, additionally,
pij < ki, then acquiring the technology from j at t = 2 is preferred to developing it,
which is preferred to never owning it.

Proof. Compare δai + bi − θi − δ(θi + cimi)(qG + q2G) − θiqG − δciG−i,3 − pij and
δ(bi−θi−cimi)+bi−θi−δ(θi+cimi)(qG+q2G)−θiqG−δciG−i,3. Note that i’s decision
to purchase the tech does not affect other nations’ decisions about technology, so
we can assume their strategies are the same in these two scenarios of i’s behaviour,
thus δciG−i,3 is the same in both expressions. The comparison further reduces to
δai − pij and δ(bi − θi − cimi).

Lemma 3.1 suggests that j can always induce i to purchase the technology by
charging only a small price. This would make j better off if she would choose to
invest in the absence of trade. However, if j’s desire to invest relied mostly on the
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possibility of selling it later, then she may choose not to invest if she cannot charge
a satisfactory price.

Let us now look at the variation of the first period if no trade was allowed.

Lemma 3.2. Assuming no spillovers, nation i would invest in technology at t = 1 if

and only if ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
. If the condition does not hold,

then it would invest at t = 2 if and only if ki ≤ δ(ai − (bi − θi) + cimi). It would
never invest otherwise.

Proof. To establish the result, it suffices to compare the option of developing
technology at t = 1 and at t = 2 for any player, ignoring the total emissions, since
they are the same in both cases. The technology will be invested in at t = 1 if

[bi − θi − δθiqG − δ2q2G(θi + cimi)] + [δai] + [δ2ai]− δ2ciG−i,3 − ki ≥

≥ [bi−θi−δθiqG−δ2q2G(θi+cimi)]+[δ(bi−θi)−δ2qG(θi+cimi)]+[δ2ai]−δ2ciG−i,3−δki

The first and the third period emissions are identical, so reduce the above to

[δai]− ki ≥ [δ(bi − θi)− δ2qG(θi + cimi)]− δki.

Technology would be developed at t = 1 if and only if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
=

δ(ai − (bi − θi))

1− δ
+

δ2qG(θi + cimi)

1− δ

Note that it would be developed at t = 2 rather than never (provided it is not at
t = 1) if ki ≤ δ(ai − (bi − θi) + cimi).

Can it be said with certainty that investing earlier is preferred?

δ(ai − (bi − θi))

1− δ
+

δ2qG(θi + cimi)

1− δ
∨ δ(ai − (bi − θi)) + δcimi

δ(ai − (bi − θi))

1− δ
− δ(ai − (bi − θi))(1− δ)

1− δ
+

δ2qG(θi + cimi)

1− δ
∨ δcimi

δ(ai − (bi − θi))− δ(ai − (bi − θi)) + δ2(ai − (bi − θi))

1− δ
+

δ2qG(θi + cimi)

1− δ
∨ δcimi

δ2(ai − (bi − θi) + qG(θi + cimi)) ∨ (1− δ)δcimi

δ2(ai − bi + θi + qGθi) ∨ δcimi − δ2cimi − δ2qGcimi

δ2(ai − bi + θi + qGθi) ∨ cimiδ(1− δ − δqG)

δ(ai − bi + θi + qGθi) ∨ cimi(1− δ − δqG)
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The expressions cannot be concluded with certainty; all depends on the parameters.
Consider some static cases. If δ is large enough (approaching 1), and qG = 1, then
the right-hand side of the expression is negative, and as long as the left-hand side
is positive, it is always larger. This means that we can either have the technology
developed at t = 1 but not at t = 2, or in both, but never at t = 2 and not at
t = 1. Importantly, the left-hand side positively depends on θi, implying that larger
damage increases the likelihood that the technology will be invested in at t = 1. In
the extreme case of no local damage, θi = 0, the left-hand side is also negative, and
thus it is possible that investing later, at t = 2, is preferred to investing earlier, at
t = 1. Alternatively, if future does not matter much, δ → 0, then the right-hand
side can be larger than the left-hand side, and we can either have investment at
both periods, or at t = 2 only.
A complete strategy is written below where "I" stands for "invest", "NI" – for "not
invest", and they correspond to t = 1 and t = 2 respectively.

{I,I} if ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
≤ δ(ai − (bi − θi) + cimi)

or ki ≤ δ(ai − (bi − θi) + cimi) ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
;

{I,NI} if δ(ai − (bi − θi) + cimi) ≤ ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ

{NI,I} if
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
≤ ki ≤ δ(ai − (bi − θi) + cimi)

{NI,NI} if ki >
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
≥ δ(ai − (bi − θi) + cimi)

or ki > δ(ai − (bi − θi) + cimi) ≥
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ

Without spillovers, a rational nation’s behaviour is ambiguous and strongly
depends on the parameters of the payoff function. Adding spillovers changes the
dynamic because the first period borderline value increases due to the price paid
in the second period or stays the same if no technology transfer occurs, but it
never decreases. The parameters can be limited to exclude the case when there is
investment at t = 2 but not at t = 1, but we do not believe it is a problematic
conclusion. We can observe countries make pledges to be carbon-neutral by 2050
but not performing any meaningful actions at present to meet the pledge. With
a small δ, this scenario can arise in the model. Even with a large δ, when the
right-hand side is negative, with a very inefficient nascent green technology and an
extremely efficient brown technology, ai−bi << 0, and small local damage, θi −→ 0,
we can still observe the cost of investment being too large to invest at t = 1, but
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not so for t = 2.

Proposition 3.1. An equilibrium strategy at t = 1 for i is as follows.

1. Invest if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
, if nations j and k decide to invest at

t = 1,

2. If nation j decides to invest at t = 1, while nation k does not,

2.1. Invest if ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
, if nation k would

invest at t = 2,

2.2. Invest if ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi) + δ2cimk

1− δ
, if nation

k would not invest at t = 2,

3. If neither nation would invest at t = 1;

3.1. Invest if ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi) + δ2cimk

1− δ
,

if nation j would invest at t = 2, or

Invest if ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi)

1− δ
, if both nations

would invest at t = 2,

3.2. Invest if ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi)

1− δ
+

+
δ2ci(mj +mk)

1− δ
, if no one other nation would invest at t = 2.

Proof. We begin by recognising that nations are symmetric in their payoff func-
tions, but with different limits on ki, and where one nation may find investment
worthwhile, the other may not, so there are different action choices generated by
the model.

Compare i’s payoffs from investing at t = 1, πi,1(1), and at t = 2, πi,2(2).

[bi − θi − δθiqG − δ2q2G(θi + cimi)] + [δai] + [δ2ai]− δ2ciG−i,3 − ki + δ(pji + pki) ∨

[bi − θi − δθiqG − δ2q2G(θi + cimi)] + [δ(bi − θi)− δ2qG(θi + cimi)]+

+ [δ2ai]− δ2ciG−i,3 − δki

Reduce the expression above to

δai − ki(1− δ) + δ(pji + pki)− δ2ciG−i,3 ∨ δ(bi − θi)− δ2qG(θi + cimi)− δ2ciG−i,3

Consider nation i that is contemplating the development of technology at t = 1. To
make a decision, it is necessary to consider the strategies of other players. There
are several scenarios to consider.
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1. If both j and k develop their own technology at t = 1, then the global damage
term is the same on LHS and RHS and equal to G−i,3 = q2G(mjgj,1 +mkgk,1),
thus the expression is further reduced to

δai − ki(1− δ) ∨ δ(bi − θi)− δ2qG(θi + cimi)

Therefore, i would prefer to invest in her own technology if and only if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
(3.1)

2. If only j decides to invest but k does not, then at t = 2, k either finds it optimal
to invest or not. If she does, then the global damage on the left and right-hand
sides are once again the same and equal to q2G(mjgj,1 + mkgk,1) + qGmkgk,2,
and i arrives at the following comparison:

δai − ki(1− δ) + δpki ∨ δ(bi − θi)− δ2qG(θi + cimi)

The only effect i’s decision will have is if she sells her technology to k at t = 2.
But same is true about j, so here, technological competition can be observed.
According to Bertrand’s model, the price would be driven to zero since the
marginal cost of the technology is zero. This is where a treaty would be useful.
It could set the price floor to protect investing nations from having to give the
technology away for free. Nation k would be indifferent between purchasing
technology from i or j, and i would expect to get δ

p

2
. This term would enter

the left-hand side only if p ≤ kk[≤ δ(ak − (bk − θk − ckmk))], as a condition
for k to prefer to buy rather than to invest [and to invest at t = 2 rather than
not]. Without a treaty, the term does not matter, but the full condition on
ki in that case is written below.

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi) + δpki

1− δ
(3.2)

Equation 3.2 is identical to Equation 3.1, because the price is driven to 0 by
the competition between i and j in the absence of treaty, and k would invest
at t = 2 anyway, so the condition of ki is

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
(3.3)

If, on the other hand, k would not invest at t = 2, kk > δ(ak−(bk−θk−ckmk)),
then i can improve its payoff not only through selling the technology, but also
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by reducing global damage from [q2G(mjgj,1 +mkgk,1) + qGmkgk,2 +mkgk,3] to
[q2G(mjgj,1 + mkgk,1) + qGmkgk,2], if k acquires the technology at t = 2 and
cuts its emissions at t = 3 as a result. In this case, i would compare

δai − ki(1− δ) + δpki − δ2ci[q
2
G(mjgj,1 +mkgk,1) + qGmkgk,2]

∨ δ(bi − θi)− δ2qG(θi + cimi)− δ2ci[q
2
G(mjgj,1 +mkgk,1) + qGmkgk,2 +mk]

(3.4)

δai−ki(1− δ) + δpki ∨ δ(bi − θi)− δ2qG(θi + cimi)− δ2cimk

and decide to invest if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi) + δpki + δ2cimk

1− δ

Again, the payoff depends on how k decides whether to purchase the technol-
ogy from i or j. The expression above is true if k buys from i. If k buys from
j, then i’s action is irrelevant for G−i,3, and i is back to the expression below:
invest at t = 1 if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
(3.5)

Generally, in equilibrium, as discussed before, the price would be driven to 0
and k would be indifferent who to buy from, as long as δ(ai−(bi−θi−cimi)) ≥
0. If that’s the case, the assumption about k’s behaviour is irrelevant, i.e., k
buys from i or from j when the price is the same. We can also assume that
k randomizes by flipping a coin probability and say that i would expect with
probability 0.5 that k buys from her and 0.5 that she buys from j. Then i’s
payoff consists of two equally likely terms if she invests:

0.5[δai − ki(1− δ) + δ · 0− δ2ci(q
2
G(mjgj,1 +mkgk,1) + qGmkgk,2)]+

+ 0.5[δai − ki(1− δ)− δ2ci(q
2
G(mjgj,1 +mkgk,1) + qGmkgk,2)] =

= δai − ki(1− δ)− δ2ci(q
2
G(mjgj,1 +mkgk,1) + qGmkgk,2)

This is the same as the left-hand side in the Equation 3.4 with price set equal
to 0. Thus, the expression for ki is the same: invest at t = 1 if

ki ≤
δ(ai − (bi − θi)) + δ2qG(θi + cimi) + δ2cimk

1− δ
(3.6)
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This concludes the scenario of what if both i and j had invested at t = 1, while
k had not and would not invest at t = 2 either, kk > δ(ak − (bk − θk − ckmk)).
It is evident that i’s choice would be independent of others’ decisions as long
as others find it optimal to invest for themselves, with the only addition being
the price of selling the technology, and even that disappears once there is more
than one nation with the technology at t = 2.

3. If investing at t = 1 is not worth it for neither j nor k, then there are two
cases to consider.

Investing at t = 2 is also not optimal, for one or both nations, i.e., kk >

δ(ak − (bk − θk − ckmk)) and/or kj > δ(aj − (bj − θj − cjmj)). This is where
i’s decision is most affected by the externality-containing term and the price
of the technology. Being the only country with the technology, it can choose
the price for selling it and reap all of the benefits of doing so, while also
reducing the externality term by (mjgj,3 +mkgk,3), which enters the payoff as
−δ2ci(mjgj,3 +mkgk,3).

δai−ki(1−δ)+δ(pji+pki)−δ2ci(q
2
G(mjgj,1+mkgk,1)+qG(mjgj,2+mkgk,2)) ∨

∨ δ(bi − θi)− δ2qG(θi + cimi)− δ2ci(q
2
G(mjgj,1 +mkgk,1)

+ qG(mjgj,2 +mkgk,2) + (mjgj,3 +mkgk,3))

δai − ki(1− δ) + δ(pji + pki) ∨ δ(bi − θi)− δ2qG(θi + cimi)− δ2ci(mj +mk)

It appears that nation i would therefore invest at t = 1 if

ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi) + δ2ci(mj +mk)

1− δ
(3.7)

Note that Equation 3.7 is true for when neither j nor k would invest at
t = 2. But would they agree to purchase the technology? As long as pji <

δ(aj − bj + θj + cjmj), and since pji is a decision variable of i, as long as the
right-hand side is positive, such price can be found.
If only one of them would invest at t = 2 (say j), and pji < kj, then it would
be reduced to

ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi) + δ2cimk

1− δ
(3.8)
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If both would invest at t = 2, and pji < kj and pki < kk

ki ≤
δai + δ(pji + pki)− δ(bi − θi) + δ2qG(θi + cimi)

1− δ
(3.9)

The condition on the price is chosen by i strategically to maximize her payoff:
it is the maximum price which is below investment cost, i.e., pji = ki−ε, with
ε → 0.

The discussion above can be summarised as follows.

1. both j and k invest at t = 1; condition in Equation 3.1

2. j invests at t = 1, k does not;

2.1. k invests at t = 2; condition in Equation 3.3

2.2. k does not invest at t = 2; condition in Equation 3.6

3. neither invest at t = 1;

3.1. either one of them or both invest at t = 2; condition in Equation 3.8
and Equation 3.9

3.2. no one invests at t = 2; condition in Equation 3.7

Nation i’s willingness to invest when allowed to trade increases compared to the
critical level when no technology trade is introduce, but only in the case of no other
nation investing at t = 1. We can arrange the critical values in the following order:

δ(ai − (bi − θi)) + δ2qG(θi + cimi)

1− δ
<

<
δai − δ(bi − θi) + δ2qG(θi + cimi) + δ(pji + pki)

1− δ
<

<
δai − δ(bi − θi) + δ2qG(θi + cimi) + δ(pji + pki) + δ2ci(mj +mk)

1− δ

In such a simple linear model, the second period is easily solved because i’s deci-
sion is only affected by i’s own choices, and no spillovers can result from i’s decision
at t = 2. There, the threshold value for ki, call it k̄2, is well and easily defined.
However, this is not so for the first period. What is even more interesting, at t = 1,
the threshold value k̄1 does not have a clear relationship with k̄2. Depending on
the parameters, one can be larger than the other, so we can observe investment at
t = 2 but not at t = 1, even though one may think that if investment takes place
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at all, it should be done as early as possible, because by switching to low-carbon
earlier, a nation can enjoy the benefits of no pollution for longer. This result is
due to defining a new technology as inefficient with ai < bi, having a weight in the
global damage at t = 3 (larger country reduces the damage marginally more than
a smaller country, but the size does not matter for personal pollution, so large own
damage does not translate into large global damage if a country is small and the
decision to remedy it would be a different decision than the one to fixing global
damage), and local damage for how much a country is already suffering.

3.4 Comparative statics

To discuss the results of the Proposition 3.1 in more details, below we provide some
interesting comparative statics.

Note that we will assume qG = 1 from now on as it does not bear significance
for the results.

3.4.1 No technological trade

Define the threshold for t = 2 as ki,2 = δ(ai − bi + θi + cimi). The threshold
for t = 1 depends on the timing of the investment decision, and is larger with
spillovers, but we first consider the one which corresponds to no spillovers, ki,1 =
δ(ai − bi + θi + δ(θi + cimi))

1− δ
. There is always global damage, ci ̸= 0 and ai < bi.

1. Small country and no local damage: mi −→ 0 and θi −→ 0 would never
invest.

ki,2 = δ(ai − bi)

ki,1 =
δ(ai − bi)

1− δ

Both values are negative for any δ, so unless the technology is subsidised,
investment is never optimal. A small country who is not suffering from damage
in the present has nothing to gain in terms of global damage.

2. Large country with no local damage: mi > 0 and θi −→ 0. It would never
invest for cimi < bi − ai; invest at t = 2 only if δ < δ∗ and ki,1 < ki, < ki,2;
invest at t = 1 if δ > δ∗ and ki < ki,1, and some other cases that are not of
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δ0 cimi

2cimi − (bi − ai)
1

δ∗(ai − bi + cimi)
δ∗

δ

ki,1, ki,2 ki,1
ki,2

Figure 3.1: For δ < δ∗, there exist such values of ki, that ki,1 <
ki < ki,2, implying that for a range of investment cost, only investing
at t = 2 is attractive, not at t = 1. For large δ, however, investing

earlier is preferred.

particular interest.

ki,2 = δ(ai − bi + cimi)

ki,1 =
δ(ai − bi + δcimi)

1− δ

The first expression is a linear function of δ which ranges from 0 to (ai −
bi + cimi), and depending on the relation between cimi and bi − ai, it slopes
positively or negatively. But so does ki,1, with the only difference being in
its shape. See Figure 3.1 for cimi > bi − ai. When this does not hold, both
thresholds are negative and i never invests. The critical value of the discount
factor that changes the relation between investment thresholds is

δ∗ =
cimi

2cimi − (bi − ai)

For δ < δ∗, there exist such values of ki, that ki,1 < ki < ki,2, implying that for
a range of investment cost, only investing at t = 2 is attractive, not at t = 1.
For large δ, however, investing earlier is preferred. Unlike a small country, a
large country can appreciably affect global damage, and even if it does not
suffer from local pollution, it can still choose to invest, if the future damage
is significant and the discount factor is small.

3. Small country with local damage: mi −→ 0 and θi > 0. It would never invest

if bi−ai > 2θi; invest at t = 1 if ki < ki,1 and bi−ai < θi, or if δ >
bi − θi − ai

θi
.
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In this case, i would never prefer investment at t = 2 over investment at t = 1.

ki,2 = δ(ai − bi + θi)

ki,1 =
δ(ai − bi + θi + δθi)

1− δ

Note that both can slope upward or downward without restriction. If both
are downward sloping, which happens when bi−ai > 2θi, i would never invest.
If both are upward sloping, bi − ai < θi, the threshold for t = 1 trumps the
threshold for t = 2, and if investment takes place because ki is low enough, it
necessarily takes place at t = 1: ki < ki,1. Finally, when the thresholds slope
in different directions, 2θi > bi − ai > θi, ki,2 is always negative, while ki,1

is negative until δ reaches δ0 =
bi − θi − ai

θi
> 0, and only for δ > δ0 can we

have ki < ki,1, so that investment would happen at t = 1 or never.

4. Large country with local damage: mi > 0 and θi > 0. This case is not
significantly different from the one before, but it involves many subcases.
New thresholds are:

ki,2 = δ(ai − bi + θi + cimi)

ki,1 =
δ((ai − bi + θi) + δ(θi + cimi))

1− δ

Similar reasoning tells us that the points where different threshold values cross
each other and where ki,1 crosses the zero line are:

δ∗ =
cimi

2(cimi + θi)− (bi − ai)

δ0 =
bi − ai − θi
cimi + θi

A lot is defined by ai − bi + θi versus 0.

(a) If ai − bi + θi > 0, then up to δ∗, ki,2 trumps ki,1, and should ki happen
to fall between the thresholds, investment would be made at t = 2. For
δ > δ∗, should investment be made, it would be made at t = 1 (for
ki < ki,1). Refer Figure 3.2.

(b) If ai − bi + θi < 0, and cimi + 2θi > bi − ai (both conditions merge into
cimi + 2θi > bi − ai > θi), ki,2 can slope both ways.

i. If it slopes upwards, cimi + θi > bi − ai, the scenario is the same as
in Figure 3.1.
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cimi

2(cimi + θi)− (bi − ai)
1

δ∗(ai − bi + cimi + θi)
δ∗

δ

ki,1, ki,2 ki,1
ki,2

Figure 3.2: For δ < δ∗, there exist such values of ki, that ki,1 <
ki < ki,2, implying that for a range of investment cost, only investing
at t = 2 is attractive, not at t = 1. For δ larger than δ∗, however,

investing at t = 1 is preferred.

δ0 1

δ∗(ai − bi + cimi + θi)

cimi

2(cimi + θi)− (bi − ai)

δ∗

δ

ki,1, ki,2 ki,1
ki,2

Figure 3.3: For δ < δ0, investment will never happen. For the
discount factor above δ0, investment may happen at t = 1 if ki < ki,1.

ii. If it slopes downwards, cimi+θi < bi−ai, see Figure 3.3. Obviously,
investment will not take place at t = 2, but it might at t = 1,

provided that δ > δ0 =
bi − ai − θi
cimi + θi

and ki < ki,1.

(c) If ai − bi + θi < 0, and cimi + 2θi < bi − ai (both conditions merge
into bi − ai > cimi + 2θi > θi), ki,1 slopes downwards and is always
negative. These conditions imply that bi − ai > cimi + θi, so ki,2 also
slopes downwards and is always below zero. There will be no investment
in this case.

As can be seen from the scenarios above, for large discount factor, a nation will
invest early on. This is consistent with standard folk theorems. For a discount
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factor close to one, any nation will invest at t = 1 with certainty. However, in some
instances and under certain parameter specifications, a nation will either prefer to
wait and invest at t = 2, or to never invest at all. A small country which is not
suffering from immediate local pollution will never invest; a small country who does
suffer will either invest early or never; but a large country (who does or does not
suffer at present) may do either depending on the cost of investment and other
parameters: it may never invest, it may wait and invest at t = 2, or it may invest
early on, at t = 1.

The conclusion that a small country would never invest if the private present
damage is not too large is consistent with the results of other studies. For instance,
in a stage game with a threshold that marks a climate catastrophe, non-pivotal re-
gions are more likely to free-ride (Emmerling et al. 2021); similarly, in a model with
a possibility of carbon leakage, an environmental policy must be implemented by a
larger region to be globally effective (Sanna-Randaccio et al. 2017) (and technology
transfer must take place). It is however inconsistent with real world observations
of countries like Sweden, Norway, Denmark, Switzerland and other small developed
nations who are leading the world’s decarbonization. In a model where technologi-
cal trade is not allowed, this pattern of investment cannot be observed. Due to the
simplistic nature of the model, the only concern nations have when contemplating
green investments is avoided environmental damage in the absence of spillovers, and
a small nation does not have enough environmental damage to appropriate if it stops
polluting. The model does not account for such potentially decision-affecting fac-
tors as public preferences, wealth accumulation, or historical responsibility. Having
incorporated these would have resulted in qualitatively different predictions.

On the other hand, it is conceivable that these nations are seeing the conse-
quences of changing climate already at present, and are therefore classed as small
countries with local damage in the terminology of the model. Climate change is
becoming obvious to more and more people every day, and a nation with a high
level of public consciousness may start to link observed environmental changes to
global warming, even if at present they are not particularly damaging. For north-
ern regions like Sweden and Norway, it is a common notion that climate change
may have a short-term productivity-enhancing effect due to longer growing season
and more land becoming arable as permafrost retreats. But if a median voter is
environmentally conscious to realise that these benefits are short-lived and only
serve as an indication of serious environmental changes, they are more likely to be
viewed as negative. Reinterpreting present local damage in the model as perceived
local damage can bridge the gap between the model and reality in explaining why
countries like Norway, Sweden, Denmark are heavily investing in climate change
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mitigation and adaptation – they are perceiving environmental changes as damages
already at present.

A note on discounting. It is a fairly standard approach to measuring the cost of
climate change in continuous time, to use exponential discounting where δ comes as
a power on the base of natural logarithm. A baseline for many other studies, Stern
et al. (2006), uses a near-zero (utility) discount rate of 0.1%, which is interpreted as
a probability of not surviving a catastrophic event in a given year, so that survival
until year 2100 is very likely, with a probability of 90.5%. Other studies argue for
a larger discount rate: Nordhaus (2007) employs a discount rate of 4.3% in his
research; 3 Grijalva et al. (2014) empirically measure a (constant) discount rate
of 4.9%, but note that an altogether different discounting model, one offered by
Loewenstein and Prelec (1992), with a hyperbolic discounting and a decreasing
discount rate, offers a better fit for their data. The 100-years-from-now discounting
rate from a specification suggested by Loewenstein and Prelec (1992) approaches
the one used by Stern et al. (2006), but this is not a flat discount rate, and hence
policy conclusions would be different in the two papers.

Exponential discounting in discrete time is used by Harstad in all of his studies
(2012, 2016, 2016, 2019). Compared to continuous time models, larger discount
factor means more weight is allocated to future consumption. This is a notational
difference to keep in mind when saying "higher"/"lower" discount factor. When
discussing the discount rate, we will be referring to Harstad’s definition. In his
research, he does not assume any specific magnitude of the discount factor.

At a policy design level, there is much debate as to what that rate should be.
Ethically, it should be large. Empirically, there are many ways to find it, some
better than others. Using capital markets to establish it may not be the best idea
in the context of climate change; using revealed preferences is complicated because
the time horizon is so large. We could agree with the previous research in that
the discount factor is large, but then any stringent policy would be justified. There
would be no issue of procrastination and everything would be tackled at the earliest.

However, nothing is tackled, global warming is spiralling out of control, and a
significant number of people are in fact against governments spending mtaxpayers’
money on green projects. One would think that if the threat of global warming was
serious enough, and the discount factor was large, everybody would want to switch
to low-carbon as soon as possible, but it is clearly not the case. Hence, either the
threat is not serious enough, or the discount factor too small. We therefore assume a
reasonably small discount factor, between 0 and δ∗, to explore the most interesting

3These not exactly the same discount rates due to differences in the underlying models, but
Stern’s discount rate is still much lower even when the differences are accounted for; see Goulder
and Williams (2012).
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cases that we see in real life: small poorer countries transitioning to low carbon
before larger and more developed countries do; nations pledging to become net zero
by and not implementing the policies consistent with those pledges (they may be
doing so later, which would be consistent with not investing at t = 1 while doing so
at t = 2). Note that for a large country, current local pollution does not change its
behaviour drastically, and we may observe similar dynamics whether or not there
is damage at present.

3.4.2 Technology spillovers

But this discussion is based on the absence of knowledge exchange and technolog-
ical trade between the nations. If countries are allowed to sell their technology,
their incentives to invest are increased. Recall the threshold values when there are
spillovers.

ki,1 =
δ(ai − bi + θi) + δ2(θi + cimi)

1− δ
if both others invest at t = 1,

or only one does, and the other would at t = 2 (3.10)

ki,1 =
δ(ai − bi + θi) + δ2(θi + cimi) + δ2cimk

1− δ
if one invests at t = 1,

and the other would not invest at all (3.11)

ki,1 =
δ(ai − bi + θi) + δ(pji + pki) + δ2(θi + cimi)

1− δ
if neither invests at t = 1,

but both would at t = 2 (3.12)

ki,1 =
δ(ai − bi + θi) + δ(pji + pki) + δ2(θi + cimi) + δ2ci(mj +mk)

1− δ

if neither invest at t = 1, and would not at t = 2 (3.13)

ki,2 = δ(ai − bi + θi + cimi) (3.14)

As per our model, the price pij is chosen by each selling nation. There is no
assumption about the bargaining power, since there is no bargain over the technol-
ogy; nation i benefits from selling its technology to nation j and in optimum, the
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δ0
cimi

2(cimi+θi)−(bi−ai)
1

δ∗(ai − bi + cimi + θi)
δ∗
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i
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i δ

ki,1, ki,2 ki,1
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Figure 3.4: Different investment costs that would induce invest-
ment to take place at different periods: never for

kni > δ(ai− bi+ cimi+ θi) >
δ(ai − bi + θi) + δ2(cimi + θi)

1− δ
; at t = 2

for δ(ai − bi + cimi + θi) > k2i >
δ(ai − bi + θi) + δ2(cimi + θi)

1− δ
; at

t = 1 for δ(ai−bi+cimi+θi) >
δ(ai − bi + θi) + δ2(cimi + θi)

1− δ
> k1i .

The discount factor is the same, δ < δ∗, to observe the scenario in
which investment does not take place at t = 1 but does at t = 2.

price is set low enough so that nation i would purchase it, but high enough so that
nation i would be convinced to invest. Ideally, it would want to sell at a price just
shy of the exact cost of j’s investment, kj, which means the higher the cost, the
higher the price, and the higher i’s threshold for own investment. But all nations
think the same way. So who will invest first?

Let’s start from Equation 3.10. If nations j and k invest at t = 1, and δ is

such that ki >
δ(ai − bi + θi) + δ2(θi + cimi)

1− δ
(provided δ < δ∗), then nation i will

not invest at t = 1. At t = 2, it compares ki and δ(ai − bi + θi + cimi). This is
case 4 above with Figure 3.2 and Figure 3.3. Note that the cases 4(a) and 4(b(i))
are very similar and can be considered as one, while cases 4(b(ii)) and 4(c) do not
add substantial value to the analysis, so I will focus on 4(a): both thresholds are
non-negative and upward-sloping.

Every outcome is possible in terms of the timing of the investment; see Fig-
ure 3.4. For a given δ, investment cost can happen to be one of the three depicted
options (there are, of course, more, but they do not add value to the analysis and
are not of particular interest to us). In the absence of technological trade, the
thresholds are fixed and each country behaves according to the position of its ki.

However, allowing for trade changes everything. The plot of the basic thresholds
compared with the ones augmented by the spillovers is in Figure 3.5. If nation i

starts with investment cost ki located between the green and red lines, above the
blue, in the absence of technology spillovers, it would never invest. But if both
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cimi

2(cimi+θi)−(bi−ai)
1

δ∗(ai − bi + cimi + θi)
δ∗

δ

ki,1, ki,2 ki,1
ki,2

ki,1 +
δ2cimk

1−δ

ki,1 +
δ(pji+pki)

1−δ

ki,1 +
δ(pji+pki)+δ2ci(mj+mk)

1−δ

Figure 3.5: Different thresholds for different scenarios: (1) basic
case with no spillovers, (2) the case which assumes that j invests at
t = 1 but k never invests, (3) the case which assumes that neither
j nor k invest at t = 1 but do at t = 2, (4) the case which assumes
that both j and k never invest. The thresholds are depicted as a
function of δ. Note that some of them are exogenous, such as ci
and mj , while some are endogenously decided by i to maximize the
payoff, such as pji and pki. It is assumed that j and k are not small
nations; otherwise, the whole benefit only comes through the price

of technology and not through reduction of global emissions.

other nations start in the same position, meaning they would never invest either,
the threshold for nation i shifts to the left and turns into the yellow line, and so it
now decides that investing at t = 1 is optimal.

But the other two nations see the same picture, and for them it becomes also
optimal to invest at t = 1, and no one gains anything from such overinvestment.
To avoid thinking that j knows that k knows that j knows ad infinitum, the model
could be reformulated into a Bayesian game with some priors on the distribution
of types. However, note that the type here would be defined with respect to the
price of technology, and since this is a decision variable that is fully determined by
the investing nation, it is hard to define a prior distribution over it. The game is
Bayesian, however, with respect to the uncertainty surrounding the local damage
type θi .

The possibility of trade is alone capable of inducing investment where there
was previously none. Let us look at the cases in Table 3.1. The blue cells are of
interest. There, no nation has an incentive to invest at t = 1, but may reconsider
if the technology can be traded.

• Case D, ki = kn
i , kj = kn

j , kk = k2
k. The case is easy on the face of it,

however, we can’t say that kk < kj, because every country has its own set
of parameters, and nation k may actually have a much larger investment
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kk = k2k Nation j

kj = k1j kj = k2j kj = knj

Nation i

ki = k1i (1, 1, 2) (1, 2, 2) (1, 2, 2)

ki = k2i (2, 1, 2) A B
ki = kni (2, 1, 2) C D

kk = knk Nation j

kj = k1j kj = k2j kj = knj

Nation i

ki = k1i (1, 1, 2) (1, 2, 2) (1, 2, 2)

ki = k2i (2, 1, 2) E F
ki = kni (2, 1, 2) G H

Table 3.1: An array showing what investment decisions nations
would make, (i, j, k) respectively, when the investment costs are as
specified (nation k’s cost are in the corner of each matrix, specified for
the whole matrix). The blue coloured numbers in the tables are the
decisions that would have been made differently were the spillovers
absent. The blue coloured cells are the most interesting scenarios,
where no one would want to invest at t = 1 but could reconsider
when the technology can be sold. The third table, for kk = k1k, is
not considered because k would always invest at t = 1 and sell the
technology at an appropriate price when other nations would not

want to invest themselves.

cost, but still benefit from implementing the technology, whereas nation j can
have tiny investment cost, but not benefit from the transition in any way.
The fair price of technology can be established by considering the incentive
compatibility constraints for each nation and finding the set of parameters
where they all hold. Take Figure 3.4 for reference.


ki > δ(ai − bi + cimi + θi) >

δ(ai − bi + θi) + δ2(cimi + θi)

1− δ

kj > δ(aj − bj + cjmj + θj) >
δ(aj − bj + θj) + δ2(cjmj + θj)

1− δ

δ(ak − bk + ckmk + θk) > kk >
δ(ak − bk + θk) + δ2(ckmk + θk)

1− δ

To invest at t = 1, k’s investment cost needs to be below the new threshold,

δ(ak − bk + θk) + δ(pjk + pik) + δ2(θk + ckmk) + δ2ck(mj +mi)

1− δ

which exceeds the old threshold by
δ(pjk + pik) + δ2ck(mj +mi)

1− δ
. The second

half of the expression is fixed, while the first half is under full control of nation
k. Both j and i have to agree to purchase the technology, which they will do
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if


ki > δ(ai − bi + cimi + θi) ≥ pik >

δ(ai − bi + θi) + δ2(cimi + θi)

1− δ

kj > δ(aj − bj + cjmj + θj) ≥ pjk >
δ(aj − bj + θj) + δ2(cjmj + θj)

1− δ

Assuming benevolent nations (i.e., when indifferent, choose a socially superior
option), the prices will be exactly equal to the t = 2 threshold:δ(ai − bi + cimi + θi) = pik

δ(aj − bj + cjmj + θj) = pjk

Taking this to the difference between k’s thresholds, we get

δ2((ai − bi + cimi + θi) + (aj − bj + cjmj + θj)) + δ2ck(mj +mi)

1− δ

which, added to the threshold, has to reverse the order of the thresholds for
nation k,

δ(ak − bk + θk) + δ2 (θk + ckmk + ai − bi + cimi + θi + aj − bj + cjmj + θj)

1− δ
+

+
δ2ck(mj +mi)

1− δ
> δ(ak − bk + ckmk + θk)

(ak−bk+θk)+δ(θk+ckmk+ai−bi+cimi+θi+aj−bj+cjmj+θj+ck(mj+mi)) >

> ak − bk + ckmk + θk − δ(ak − bk + ckmk + θk)

δ (θk + ckmk + (ai − bi + cimi + θi) + (aj − bj + cjmj + θj) + ck(mj +mi)) >

> ckmk − δ(ak − bk + ckmk + θk)

δ(θk+ckmk+ckmj+ckmi)−ckmk+δ(ai−bi+cimi+θi)+δ(aj−bj+cjmj+θj) >

> −δ(ak − bk + ckmk + θk)

With the restrictions on the parameters imposed above (so that the thresholds
only slope upward), the last expression is true as long as

δ(θk + ckmj + ckmi) + ckmk(δ − 1) > 0 (3.15)

If nation k does not suffer from local damage, and the other two nations are
small relative to nation k, then the inequality would not hold. It is therefore
necessary that either both countries j and i are large, or that country k suffers
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from its own pollution, or both. Assuming condition in Equation 3.15 holds,
nation k would decide to invest at t = 1 instead of t = 2 and will sell its
technology to nations i and j at a price pik = δ(ai − bi + cimi + θi) and
pjk = δ(aj − bj + cjmj + θj) respectively at t = 2, swaying them away from
never investing.

• Cases G and F are identical, with nations j and i investing at t = 1, respec-
tively. Thus, the corresponding necessary conditions are

δ(θj + cjmk + cjmi) + cjmj(δ − 1) > 0 (3.16)

δ(θi + cimj + cimk) + cimi(δ − 1) > 0 (3.17)

and the corresponding optimal prices arepij = δ(ai − bi + cimi + θi)

pkj = δ(ak − bk + ckmj + θj)

and pji = δ(aj − bj + cjmj + θj)

pki = δ(ak − bk + ckmj + θj)

• Cases C, B, and E are also mirroring each other; if suffices to consider one of
them; for example, case E: without spillovers, nations i and j would invest at
t = 2, k would never invest. The initial setup is

δ(ai − bi + cimi + θi) > ki >
δ(ai − bi + θi) + δ2(cimi + θi)

1− δ

δ(aj − bj + cjmj + θj) > kj >
δ(aj − bj + θj) + δ2(cjmj + θj)

1− δ

kk > δ(ak − bk + ckmk + θk) >
δ(ak − bk + θk) + δ2(ckmk + θk)

1− δ

It is evident that nations i and j need a smaller push to tip them over to
invest at t = 1 than k does. From doing so, they would gain δpki + δ2cimk or
δpkj + δ2cjmk, respectively. Also note that the nation that decides to invest
earlier, gains in payoff because itself now pollutes one period less than before.
Consider nation i, for example. It would gain δpki + δ2cimk if it sells the
technology to nation k, but it can also sell the technology to nation j and
gain δpji. From its own minimised pollution, it gains δθiδ2cimi, while it loses
−ki + δki from the investment undertaken now at t = 1 instead of t = 2. The
net gain is thus δpki+δ2cimk+δpji+δ2cimi−ki+δki, and it is positive if and
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only if pki + pji > ki
1− δ

δ
− δci(mk +mi)− θi. It is left to check the incentive

compatibility constraints for nations j and k to see whether such prices exist
that satisfy all national constraints. Note that a similar constraint would be
true for nation j to move first. A quick look at the inequalities suggests that
the nation who would be the one to invest early will not only be the one
whose investment cost is lower, but also the one which suffers more from local
pollution and who is larger in size.

When technology spillovers are added to the comparison, essentially anything is
possible. It is still more likely that a larger country with more significant present
environmental damage invests in green technology before a small nation does, but
even a small well off nation can find investment lucrative if it can sell the technology
to large emitters who would not have reduced their own emissions otherwise.

While being the second (after the local damage) driver of green investment in
our model, the possibility of profiting from selling green technology may not be
of great importance to nations in real life. Existing body of research does not
permit a definitive conclusion to be made. However, even assuming some other
factors unaccounted for in the model play a larger role in national decision making,
investment patterns of reach unaffected nations like Sweden and Norway can still
be observed in our model where technological trade and own present environmental
damage are the only driving forces.

That being said, it is worth keeping in mind that the present analysis is con-
ducted under the assumption that nations invest in mitigation technology. Analysis
for other types of technology may well lead to different results.

3.5 Discussion and conclusion

While being incomplete in many ways, the analysis introduced above sheds some
light on the interaction between technological trade and opens the way to answer
many more questions in a model that is not typical of current literature. Taking
national self-interest and small discount rate (future matters less than it ethically
and philosophically should) at par value, the non-cooperative behaviour generates
interesting dynamics between the nations. The model suggests that while local
damage is an important determinant of early investment, it is far from being the
only one. In fact, the size of the nation matters, and a small suffering nation is
unlikely to invest in mitigation technology because it stands little to gain from its
own abatement. It may however change its mind if other polluting nations are large
but unwilling to invest for themselves. There is a complex parameter interaction at
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play, and almost any outcome can be observed as optimal depending on parameter
specification. This is good and bad news, because, while global emission reduction
can arise as a result of technological trade even when initially no nation was inter-
ested in investing early, but in terms of policy implications, it is hard to know which
nation would be the first to do so. The analysis suggests small nations are unlikely
to invest in mitigation technology whether or not they suffer from global warming
already, and that the gaze should be turned towards large nations who preferably
already suffer at present from self-generated pollution, such as China. However, if
large nations cannot be convinced to invest, a different equilibrium where small na-
tions invest instead can be conceived. A treaty would then be a coordination device
that specifies the technology price to avoid over-investment, as well as a mechanism
to protect intellectual property rights to ensure that investing nations receive the
fees for their technology to encourage investment.

The next step in the analysis would be to ensure the incentive compatibility
constraints hold for the nations who are to purchase the technology, to describe
the complete optimal strategy profile. Once that is done, the mitigation technology
scenario can be considered complete. There are then two more to consider: the
cases of adaptation technology and of carbon capture and storage. After that, the
uncertainty can be introduced to local damages by making θi be unknown at the
time of decision making at t = 1. At t = 2, of course, every nation will become
aware of its own damage, but in a game with only three periods, if no nation has
invested at t = 1, there can be no spillovers and thus no path to global emissions
reduction. Uncertainty may then completely negate promising predictions of the
deterministic model and lead the world to unmitigated climate change. This result
would be consistent with empirical findings by Barrett and Dannenberg (2014) and
Dannenberg et al. (2015).

There are multiple other interesting extensions described throughout the paper
that can also be considered. The simplicity of the model allows for the solution in
a closed form, while not limiting the versatility and applicability of the results. Its
linearity is also not a disadvantage, since there is no differentiation and the core
results would not be altered by assuming a different functional form to national
payoffs. Extending the model to infinity would unlikely yield some qualitatively
varying conclusion, but could be an interesting exercise to perform. Considering
more than three nations could potentially introduce new dynamics to their inter-
actions, but having three nations already possesses substantial advantage over two,
so it remains to be seen what insights n nations would have for the conclusions of
the paper.

From the analysis performed in this chapter, it appears that the damage from
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climate change has to be experienced in order to observe at least some emissions
reduction. To observe more than some, such damage would have to be done strate-
gically, to the nations who can afford to invest in green technology and also emit
more greenhouse gases than many others. The failure of Kyoto over not being able
to get the US and China on board seems to also be the culprit of a treaty based on
technology. In any case, unless the solution to climate change can be found in some
magical green technology, there is no treaty the world can sign that will lead to
sizable global emissions reduction. All that remains is to wait for such technology
to be developed and pray that the environment is more resilient than all our models
suggest.
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