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Abstract

We introduce an international technology treaty that couples the funding of
research for a more advanced abatement technology with an international
emissions permit market. Under the treaty, each country decides on the
amount of permits for its domestic industries, but a fraction of these per-
mits is auctioned on the permit market, and the revenues are used to scale
up license revenues for the innovators of abatement technologies. We dis-
cuss the conditions under which such a technology treaty can slow down
climate change through technological innovations and whether it creates
complementary incentives for countries to tighten permit issuance. Finally,
we discuss how participation in Tech Treaties can be fostered and how such
treaties might be implemented.
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1 Introduction

Motivation

Climate change is a global problem that ranks high on the agendas of interna-
tional policy-makers.! It is difficult to solve, as climate protection is a global
public good, and no institution exists that could enforce a global policy to avoid
free-riding. Theoretical research suggests that an agreement on greenhouse gas
emissions reductions between all countries can only be implemented if abatement
targets are kept modest, a finding that goes back to some seminal papers in this
area.? But modest abatement targets will not suffice to slow down climate change
substantially (see e.g. estimations in IPCC (2014)). The ‘Paris Agreement’ is the
first global agreement to limit greenhouse gas emissions, but the abatement tar-
gets the participating countries have committed to are insufficient to keep global

warming below 2°C (European Commission, 2016b).

It is often argued that addressing climate change and slowing down global warm-
ing requires technological advances (see e.g. the discussion in Harstad (2016) or
Schmidt (2014)). Potentially, technologies can indeed lead to emissions reduc-
tion (see e.g. International Energy Agency (2013)), and certain abatement targets
may not be achievable without technological breakthroughs. It is well-known that
only a small fraction of the gains from developing new technologies can be ap-
propriated by the innovator, the operative factor behind the under-provision of
R&D investments for such technologies (e.g. Barrett (2006) and Hoel and Zeeuw
(2010)). An additional challenge is to get developed abatement technologies onto
the market. Many existing abatement technologies are not yet competitive (Ben-
ner et al. (2012); Croezen and Korteland (2010); UNFCCC (2009) and Table 1 in
the Appendix), a fact that may be related to financing problems in general (UN-
FCCC, 2009) or to a lock-in in carbon-based technologies, as these carbon-based

technologies benefit from investments made previously (Mazzucato, 2014).

In this paper we thus explore an approach to slowing down climate change that does

not require an agreement on emissions reductions between all countries, which—as

'Paris Agreement; Goal 13 of the Sustainable Development Goals of the United Nations
2030 Agenda for Sustainable Development: “Take urgent action to combat climate change and
its impacts.”

2E.g. Barrett (1994), Carraro and Siniscalco (1993), Hoel (1992); also see discussion in Finus
and Maus (2008).



we have seen—is extremely difficult if not impossible to reach if abatement targets
are to be both binding and drastic. All our approach requires is a set of rules
fostering innovation in abatement technologies and the diffusion of such technolo-
gies in the context of an international permit market. We focus on technologies
in the form of new production methods that lower abatement costs. We call the
set of rules ‘Tech Treaty’. The idea behind it is to use revenues from permit trade
to increase incentives to develop marketable abatement technologies that lower
abatement costs. Lower abatement costs should induce countries to tighten the

issuance of emissions permits.

Rules and implementation

A Tech Treaty consists of three main rules complementing a standard international
emissions permit market. First, each country gives a pre-determined share of its
issued permits to an international agency that sells these permits on the inter-
national permit market and administers the process. Second, the revenues from
the sale of the permits are used to foster technological developments by scaling
the license revenue for successful innovators. Accordingly, a Tech Treaty includes
a mechanism to raise rewards of successful innovators by auctioning permits to
firms that emit greenhouse gases.® In this way, it can foster investments in R&D
to detect new abatement technologies, and it also avoids the situation where one
‘winning’ technology has to be selected by a planner or financed by the govern-
ment. Third, revenues from auctioning permits are only paid if the abatement
technology is offered at a single price to all firms willing to buy it. This require-
ment to sell to all firms willing to buy makes technology diffusion part of the Tech

Treaty.

Three remarks on the actual implementation of a Tech Treaty are in order. First,
auctioning a share of the permits is politically and administratively feasible, as
is borne out by the example of the EU-ETS. Here, around 40% of the permits
are auctioned (European Commission, 2016a). Moreover, under the NER300 pro-
gramm, 5% of the permits of the EU-ETS are used to co-finance large demonstra-

tion projects (European Commission, 2013). Second, the Tech Treaty is angled at

3Nicolai (2015) discusses the importance of firms supporting the environmental policy. In
our approach, the payments the firms make are used to reduce their costs in the future, which
make it likely that a Tech Treaty will gain their support.

4Bretschger et al. (2015) show that carbon-pricing policies should be complemented by R&D
policy and discuss the importance of making technology diffusion part of R&D policy.



those countries and firms that are in a position to adopt new production methods
lowering carbon emissions. Croezen and Korteland (2010) give examples of such
technological developments for the steel, cement, and paper industries. A selection
of such technologies is listed in Table 2 in the Appendix. The focus on produc-
tion techniques restricts the applicability of the Tech Treaty to industrialized and
emerging countries, including countries like China and India.® Still, this range
of countries is responsible for the large part of emissions (World Bank (2016)).
Also, carbon leakage®—the main concern if not all countries participate—is less
menacing since the is no incentive for major dislocations of production sites to the
remaining countries. Third, innovations fostered through the Tech Treaty make
future emissions reduction less costly and thus easier to achieve. However, this
prospect may increase current emissions. In the current trading period, the ex-
pectation of future cheaper abatement techniques and the requirement to provide
a share of permits to the international agency under a Tech Treaty may induce
the countries to increase permit issuance relative to standard international per-
mit markets. We may thus encounter another situation in which well-intentioned
environmental policies have negative side effects, in line with the potential un-
desirable supply-side effects popularly referred to as the ‘green paradox’ (see e.g.

Sinn (2008)). We will address this problem in the course of our analysis.

Model and results

To investigate whether the Tech Treaty fosters innovation and to establish how it
affects permit issuance, we set-up a multi-country model of greenhouse gas emis-
sions. The model is as follows: In each country, there is a representative production
firm emitting pollutants, a representative R&D firm, and a local planner. An in-
ternational emissions permit market is established, and the Tech Treaty is put in
place. Then local planners issue permits. Subsequently, R&D firms decide whether
to become active and to engage in research. Once an advanced technology mate-
rializes, one successful R&D firm becomes patent-holder and offers the advanced
technology to the production firms at some license fee. The production firms de-
cide whether to adopt it. Finally, the production firms decide on abatement and

on trading of permits.

®Most existing climate funds—Ilike the Global Environment Facility (GEF) and the Green Cli-
mate Fund—focus on technology development and technology transfer to developing economies
(compare (UNFCCC, 2014)).

6Carbon leakage refers to a situation in which the reduced carbon emissions of one country
are (partially) offset by an increase in the carbon emissions of another country.



Along these lines, we interpret the set-up of the model as a game with four stages
with observed actions, i.e. in each stage, the actions of all agents in previous
stages are common knowledge. The four stages are (1) permit issuance, (2) R&D
activity, (3) technology diffusion, and (4) permit trade. We focus on the period
when Tech Treaties are introduced and summarize what they imply for the future.
In line with the focus on production techniques, we assume that countries differ in
their baseline emissions as well as in the local damage they suffer from aggregate

pollution, but that they have an identical ability to adopt technologies.

We explore the consequences of the Tech Treaty in three different environments.
First we consider an environment with a given number of global emissions permits.
We consider only the last three stages of the game and state conditions for a
unique equilibrium with regard to R&D efforts, licensing fee, technology diffusion,
and permit trade. We show that an increase in the share of permits auctioned
by the international agency will increase the share of active R&D firms and the
likelihood of inventing more advanced abatement technologies. A greater share
of auctioned permits increases the prospect of larger license revenues, which in
turn fosters innovation activity. When international permit markets are used Tech
Treaties thus yield lower expected emissions in all subsequent periods as abatement

options become cheaper, which will induce countries to issue fewer permits.

Second, we consider an environment where a Tech Treaty can be complemented
by some tightening of permit issuance in Stage 1. Typically, innovation incentives
can be heightened further, although in special circumstances the opposite may also
occur. For special cases with quadratic abatement costs, we show that tightening
permit issuance will emcourage innovation effort and technology diffusion as long

as the global emissions limit is close to baseline.

Third, we examine whether there might be adverse consequences arising from the
incentives of countries to issue permits when a Teach Treaty is introduced. For this
purpose, we examine the entire four-stage game and derive the conditions for an
equilibrium involving permit issuance decisions, R&D efforts, technology diffusion,
and permit trade. We introduce the notion of a ‘difficult’ research environment,
characterized by large potential cost reductions in abating emissions but either
low probabilities of innovation success or high research costs. This is arguably a
characterization of technologies that can considerably lower the costs of emissions

abatement. We show that with high research costs, countries will tighten emissions



permit issuance when Tech Treaties are introduced, as long as the price elasticity
of permits is not too large. For quadratic abatement costs and many similar
countries, this is fulfilled as soon as permit issuance falls slightly below business-
as-usual emissions. For linear abatement costs, tightening of permits issuance

always occurs in difficult research environments.

Organization of the paper

The paper is organized as follows: In the next section we show how our article
relates to the literature. In Section 3 we set up the model. In Section 4 we solve
for equilibria for a given Tech Treaty and a given global emissions limit, analyzing
how changes in the Tech Treaty affect the innovation activity of the R&D firms. In
Section 5 we discuss whether tightening global emissions will help the Tech Treaty
to foster innovation. In Section 6 we endogenize the global emissions limit and
consider the impact of a change in the Tech Treaty on the global emissions limit.
In Section 7 we discuss participation in the Tech Treaty. The model and the results
are discussed in Section 8. Section 9 concludes. In the Appendix we provide an
overview of technologies with the potential for reducing carbon emissions. The

Appendix also contains the lengthier proofs and further examples.

2 Related Literature

This paper relates to several strands of the literature. It suggests a partial solution
to the climate change problem and focuses on rules defined in a treaty that relate
to technological development. In its focus on a partial solution to the climate-
change problem, it is related to the suggestion made by Nordhaus (2015) to focus
on climate clubs instead of the grand coalition. In the approach proposed by Nord-
haus (2015), the members of the climate club impose tariffs on non-participants,
which theoretically might prompt all countries to participate. However, for larger
emission reductions, tariffs lose their power to induce participation. Treaties fo-
cusing on grand solutions to the climate problem based on emissions targets with
refunding in permit markets have been developed e.g. by Gersbach and Winkler
(2011) and Gersbach and Oberpriller (2012).

Secondly, this paper relates to the literature on the role of technology adoption in

fostering cooperation and building a coalition to solve the climate change prob-



lem. As self-enforcing global environmental agreements will achieve very little
(see e.g. Asheim et al. (2006)), some authors examine whether a focus on technol-
ogy might improve outcomes and, in particular, how the prospect of developing
new technologies can facilitate cooperation. Barrett (2006) and Hoel and Zeeuw
(2010) find that either breakthrough technologies with increasing returns or a fo-
cus on the research phase of breakthrough technologies can improve the potential
for cooperation. Barrett (2012) finds that cooperation prospects also improve if
a breakthrough technology with constant returns and a conventional technology
can be used parallel to each other. Hong and Karp (2012) examine participation
in a coalition when mixed strategies are allowed and an initial investment stage
is added. If no breakthrough technologies are considered, but only technological
improvements, participation in an agreement is low (El-Sayed and Rubio, 2014).
Rubio (2016) finds potential for successful cooperation if the focus is on green

technologies.

In this paper we adopt a complementary approach. We examine whether a Tech
Treaty will increase innovation and whether in a given coalition higher R&D
activities—promoted via a Tech Treaty—can help to lower emissions. We focus
on R&D and follow the innovation literature discussion the situation where many
firms seek to obtain a patent for a new technology (see e.g. Acemoglu (2009) for
an overview).” Goeschl and Perino (2016) include a technology license fee setting
for firms in international environmental agreements and show that intellectual
property rights may create hold-up problems. Our paper is complementary as we
focus on how scaling license income against auctioned permit revenues can boost

innovation.

Finally, our paper also relates to the literature on the green paradox and espe-
cially the ‘announcement effect’. An overview of different set-ups leading to a
green paradox, including the announcement effect, is given in van der Werf and
Di Maria (2012). The announcement effect refers to a situation with a time lag
between the announcement and the implementation of a policy measure (see e.g.
Di Maria et al. (2012); Riekhof and Brocker (2016); Smulders et al. (2012)). Dur-
ing this time lag, emissions are higher than in absence of a policy. Strand (2007)

shows that—when no emissions permit market exists—a treaty on technological

"Denicold and Franzoni (2010) find that in a broad set of circumstances a winner-takes-all
system is preferable, especially in highly innovative industries. Different ways of incentivizing
innovation are explored in Fu et al. (2012).



cooperation will increase initial emissions. In this paper we identify situations in
which the refunding of auctioned permit revenues to R&D firms provides incentives
for countries to tighten permit issuance even if they expect abatement technologies

to improve.

3 The Model

We consider a multi-country model of greenhouse gas emissions with n > 2 coun-
tries indexed by 7,7 € {1,...,n}.% In each country there is a representative pro-
duction firm, a representative R&D firm and a local planner. We use the index i
(7) for both types of firm, and the local planner in country i (j) as long as this

causes no confusion.

Without abatement, the activity of the production firm in country ¢ (henceforth
production firm 7) leads to baseline emissions é;, with e; > 0.° Production firm 4
can abate its emissions. To keep the model as simple as possible, the output of the
production firm is kept constant. If the production firm reduces the emissions by
amount e; with e; > 0, it incurs costs go(e;). The function go(-) is continuous on
[0, 00) and has the properties go(0) = 0, g, (e;) > 0 and gp(e;) > 0 for all e; > 0.1
So the cost function is strictly increasing and strictly convex. The cost function
¢

is the same for all countries. The subscript ‘o’ stands for old technology. More

advanced technologies will be introduced later on.

Each R&D firm can decide to become active and look for an advanced abatement
technology—henceforth advanced technology—that lowers abatement costs. Once
such a technology is detected, one successful R&D firm becomes the patent-holder
and licenses the advanced technology to the production firms at a fee that we
will refer to as f, with f € R..* To distinguish between the two technology
types, we denote this newly detected technology as the ‘advanced’ technology
and mark it with the subscript ‘4. The abatement costs of production firm i
for using the advanced technology are denoted by ga(e;). The cost function is a

continuous function on [0, c0) and satisfies g4(0) = 0, ¢’4(e;) > 0, ¢’4(e;) > 0 and

8For the sake of simplicity, we assume that all countries can adopt advanced abatement
technologies.

9A table that lists all symbols used can be found in Appendix A.7.

10As usual, ¢/(+) and ¢g”(-) denote the first and second derivative, respectively.

HWe use Ry to refer to {z € R|z > 0}.



gh(e;) < gple;) for all e; > 0. The latter property implies ga(e;) < go(e;) for all
e; > 0.

Each country’s local planner represents the local citizens and operates within the
following context: Each country suffers damage from the total amount of green-
house gases emitted by all countries. Let E := ) " [€; — ¢;] denote the total
amount of greenhouse gases emitted in the world. Country i’s damage is ex-
pressed by the function d;(F), where d;(-) is continuous on [0, c0) and d;(E) > 0
for all £ > 0.

We next introduce an international emissions permit market and the Tech Treaty.
The international emissions permit market operates via decentralized permit is-
suance. Each local planner issues an amount of permits ¢;, with ¢; > 0, and each
production firm has to hold permits for emissions. The Tech Treaty is an inter-
national agreement and requires the countries to give a pre-determined share «
of the emission permits issued to an international agency, with 0 < a < 1. The
agency sells the permits on the international permit market and uses the revenue
to augment the patent-holder’s license income to incentivize research. The local
planner gives the remaining permits [1 — ale; to the local production firm free of
charge (so-called ‘grandfathering’). A Tech Treaty is thus characterized by the
parameter « and is denoted by T7T(«). We will refer to o as the ‘Tech Treaty’s

share’.

The sequence of decisions taken by the different agents is as follows: An interna-
tional emissions permit market is established, and the Tech Treaty is drawn up.
Local planners issue permits. Subsequently, R&D firms decide whether to become
active and to engage in research. Once an advanced technology is detected, the
patent-holder is determined. The patent-holder offers the advanced technology to
the production firms for a license fee of some kind. The production firms decide
whether to adopt it or not. Finally, the production firms decide on abatement and
the trading of permits. Along these lines we interpret the set-up of the model as
a four-stage game and observed actions, i.e. at each stage all actions by all agents

in previous stages are common knowledge.

In the following we describe the sequential structure and all decision problems in

more detail. We start with Stage ‘0’, which represents the pre-game settings.



Stage ‘0’: The Emissions Market and the Tech Treaty

In the initial stage, an international emissions permit market is established and a
Tech Treaty TT(«) is drawn up. For the moment, we take these two institutions as
given and analyze their consequences for innovations and global emissions. Later
we will discuss the incentives for countries to participate in these international

environmental agreements.

The international emissions permit market is standard. The local planner in coun-
try i, @ € {1,...n}, issues an amount of permits denoted by €;. A special require-
ment is that €; cannot exceed baseline emissions é;, i.e. ¢; < &;..'2 The Tech Treaty

TT(a) is governed by the following set of rules:

Definition 1 (Tech Treaty 77 («))
Under a Tech Treaty TT («), o € [0, 1], with n participating countries, the following
rules apply:

(i) A countryi participates in the international emissions permit market, decides
on the amount of permits to issue, and gives a fraction o of the permits
1ssued €; to an international agency. The international agency sells «e; on
the international permit market. A fraction [1—ale; is given to the production

firm i for free (grandfathering).

(i) If a patent-holder of the advanced technology ezists and o > 0, the revenues of
the international agency from selling permits are used to increase the license

revenue of the patent-holder.

(ii) A firm holding a patent for an advanced technology will only receive the
revenues from the international agency if it offers this superior technology to
all production firms at the same license fee and if the advanced technology is

used in all countries.

(1) If no advanced technology is detected or a patent-holder does not qualify for
revenues from the international agency, the permits given to the international
agency are returned to the countries, which grandfather them to the local

production firms.

12This is not a strong assumption, as industrialized countries usually aim at lower emissions
compared to a baseline year (International Center for Climate Governance, 2016).



The first three rules are the core of the Tech Treaty, while the last one is there
for practical reasons. It is a procedural rule for cases where nothing is paid to a

patent-holder.

It is useful to introduce the following notation: Let & = Y | ¢; denote the ag-
gregate amount of permits, thus constituting the global limit on greenhouse gas
emissions. Let p denote the prevailing permit price on the international permit

market. The revenues of the international agency are thus ap€.

Several additional remarks are in order. First, the requirement that all produc-
tion firms need to adopt the new technology for patent-holders to be eligible for
additional revenues ap€ simplifies the analysis and ensures complete diffusion of
the technology. Technology diffusion is an objective of the Tech Treaty. Second,
formally the case a = 0 is not equivalent to the absence of a Tech Treaty, since
the rules still apply. In fact, however, the outcome for R&D incentives and per-
mit issuance is equivalent to the scenario without a Tech Treaty. Third, for the
remaining analysis we assume that the patent-holder sets the fee in such a way
that all production firms will adopt it, i.e. license revenues are scaled through the
Tech Treaty. We will discuss the significance of this assumption in more detail in

Section 4.

In the next stage, we describe permit issuance in more detail.

Stage 1: Permit Issuance

Given an international permit market and a Tech Treaty TT(«), the local planners
decide simultaneously how many permits they want to issue. For their decision
they consider both local damages from global emissions and the costs for the local

firms. Both may differ from country to country.

If no advanced technology is detected, local production firms either have to abate
€ — ¢ or buy additional permits on the market.!®> If a production firm abates
more than e; — ¢;, it can sell permits. When an advanced technology is detected,
local production firms only receive the amount [1 — al¢; of permits, but they can

choose to license the advanced technology. Then total costs include the license fee

13Due to the fourth rule of the Tech Treaty, the share « initially allocated to the international
agency is returned to the countries.

10



in addition to abatement costs and costs (or revenues) from trading on the permit

market.

The next stage describes in more detail how the R&D firms operate and how the

advanced technology can be detected.

Stage 2: R&D Activity

In each country, the R&D firm 4, i € {1,...n}, chooses whether or not to become
active and to invest a fixed amount = (z > 0) in research. A positive income can
only be earned if the firm becomes the patent-holder. In the following we describe

the patent-holder’s income and the probability of becoming a patent-holder.

The income of the patent-holder is the license fee f times the number of production
firms that buy the license. We use [ to denote the number of firms that buy the
license and use the advanced technology (0 <[ < n). If a Tech Treaty is present,
the patent-holder has to set the license fee in such a way that all production
firms will adopt the advanced technology, i.e. | = n. In addition, the patent-
holder obtains the additional income ap&. The patent-holder’s total revenue thus
becomes nf + ap€. The number of active R&D firms will be determined by

comparing expected revenues with the costs of performing R&D.

The probability of becoming the patent-holder is a combination of the probability
of the firm detecting the advanced technology and of this firm—of all the successful
R&D firms—becoming the patent-holder. Let k& denote the number of all active
R&D firms. We assume that the investment x by one active R&D firm will lead
to the detection of the advanced technology with a probability of 7, 0 < 7 < 1.
Success probability 7 is stochastically independent across all active R&D firms.
Let II denote the overall probability that an advanced technology is discovered,

i.e. that at least one R&D firm is successful.

If several active firms are successful, the patent-holder is determined by fair ran-
domization in this group. Alternatively, all successful active R&D firms could
share the revenues from licensing the technology equally. For risk-neutral firms,
the results would be the same as with one patent-holder who obtains all licens-
ing revenues, because expected revenues—which determine whether an R&D firm

becomes active—are the same in both scenarios.

11



The process of setting the license fee is described in more detail in the next stage.

Stage 3: The License Fee and Technology Diffusion

Stage 3 is only relevant if an advanced abatement technology has been detected.
Suppose that this is the case. The successful R&D firm that becomes the patent-
holder sets the fee f at which production firms can license the advanced technology.

The production firms decide simultaneously about licensing.

A production firm chooses the technology type that minimizes total costs. Total
costs consist of abatement costs and costs (or benefits) from trading on the permit
market. If the advanced technology is used, total costs additionally include the

payments of the licensing fee f.

If total costs are identical in both cases the production firm will be indifferent
between licensing the advanced technology and using the old technology. Let f;
denote the fee that equalizes production firm i’s total costs with both technology
types. We refer to f; as the production firm 7’s willingness to pay for the advanced
technology. Typically, f; depends on &, the Tech Treaty 7T (), and the number

of other production firms licensing the advanced technology.

Let us now turn to the patent-holder. To ensure [ = n, the patent-holder has to
set the fee in such a way that the firm with the lowest willingness to pay will still

adopt it.

The production firms’ decision on abatement and on the trade of permits is con-

sidered in the next stage.

Stage 4: Permit Market Equilibrium

Each production firm i, i € {1,...n}, has received grandfathered permits from
the local planner and has chosen the abatement technology it wants to use. The
amount of permits received is [1 — ae; if an advanced technology has been detected

and ¢; if no advanced technology has been detected.

All production firms decide simultaneously on emissions reduction e;, and the
permit market clears. The global supply of permits £ is given at this stage and

the equilibrium permit price p prevails. Note that the international agency is a

12



net-supplier in the market, while production firms may act as buyers or sellers.

We are looking for subgame perfect equilibria of the multi-stage game with ob-
served actions covering Stages 1 to 4. In the next sections we specify the payoff
functions of all agents involved and determine the equilibria. Here, we note that
R&D firms aim to maximize expected profits, the production firms to minimize

costs, and the local planners to minimize citizens’ costs.

4 Equilibria for a Given Tech Treaty and Aggre-

gate Emissions

We solve the model by backward induction, starting from Stage 4 and assuming
that a Tech Treaty 77T («) has been drawn up and the international emissions
permit market is in operation. For the moment, we assume that an international
emissions limit has been set. This means that we only consider Stages 4, 3, and 2.
We are then in a position to make statements on how the Tech Treaty affects the

number of active R&D firms for a given global emissions limit.

4.1 Solution in Stage 4: Permit Market Equilibrium

In this last stage, aggregate permits £ are given and uncertainty about the detec-
tion of an advanced technology has been resolved. The licensing fee f has also
been set. Each production firm has decided which technology to use and is left
to decide on its abatement effort e;, i € {1,...n} and on trade on the emissions

permit market. Market clearing will determine the permit price p.

For the solution of the first three stages it is useful to consider a situation in which
both technologies may be used. This will ultimately only occur out of equilibrium.
Both technologies are used if 0 < [ < n. We introduce the index ¢ = 1,...,1 to
refer to the production firms using the advanced technology and facing abatement
costs ga(e,) and the index m = 1+ 1,...,n to refer to the production firms that

still use the old technology and face abatement costs go(en).
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Let ¢4 and co denote the sum of abatement costs and costs from trading on the

emissions market when using the advanced or the old technology.

cala, eq,eq) :=galey) +pleg — g — [1 — aley], (1a)
co(a, €m,em) =g0(em) + plém — em — [1 — a]en]. (1b)

Production firms in both groups only receive the amount [1 — a]e; of permits, as
the advanced technology has been detected and ag; is given to the international

agency.

With the advanced technology, total costs are ca(«, €, e,) + f. The license fee f
is constant and independent of e;. As go(-) and g4(-) are assumed to be strictly
convex and strictly increasing for e; > 0, total costs are also convex. So, total

costs are minimized where

Ocala, €4, €q) ~ 0 and dco(a, €m, em) _0

Oe, 0

which implies

p=gale)) =gplem), q¢=1,..,1, m=I1l+1,..,n (2)

for ey, €, > 0. In permit market equilibrium, the marginal abatement costs of all

production firms are equal.

Equation (2) also implies that the firms with the same technology will choose
identical abatement levels. Let e4(p) and ep(p) denote the two abatement choices.
As marginal abatement-cost functions are strictly increasing, the inverse functions

exist, and the abatement choices are given by
gi' () =ealp), 95" () =eolp). (3)

We next summarize a standard property of permit-market equilibria.

Lemma 1
For any permit price p > 0, the production firms using the advanced abatement

technology will abate more than the production firms using the old technology,

ea(p) > eo(p).
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Lemma 1 follows from the assumption
gale) < ghle;) forall e; >0 (4)
and the definition of the inverse,
galea(p)) = da(gs' () =p, and  gpleo(p)) = golgo ' (p) = p.

Given property (4), we must therefore have ep(p) < ea(p).

We next characterize the equilibrium on the permit market. The demand E' is

given by E = >"" | & — ¢;. Equalizing it to supply & yields

&= Zfi = Zéi - = Zéi = lea®)] = Y leo(p)]
=E —lea(p) — [n — lleo(p), (5)

where E = >, & denotes the aggregate amount of baseline emissions.

Equation (5) implicitly determines the equilibrium permit price as a function of the
global emissions limit £ and the number of production firms [ that have adopted
the advanced technology. All elements of Equation (5), except p, are known at the
beginning of Stage 4. Since e4(p) and ep(p) are strictly increasing and continuous
functions of p, we obtain a unique solution for the equilibrium price p, which we
write as a function of total permit issuance £ and the number of firms using the

advanced technology, p(€,1).

In the next lemma we set out two properties of p(&,1). For this purpose, we treat
[ as a continuous real variable, since (5) can be solved for any real variable. Also,
we introduce the following notation to denote partial derivatives of functions with

several inputs:
/)
P = 8[

Lemma 2
(i) The permit price decreases with the number of production firms that have
adopted the advanced technology, p; < 0.

(ii) The permit price decreases with the global emissions limit, p < 0.
Proof of Lemma 2. See A.2.1 in the Appendix. m

15



The properties established in Lemma 2 are intuitive. The permit price decreases
when the global emissions limit increases, because emissions permits become more
abundant. The same holds when more production firms adopt the advanced abate-
ment technology because more firms have access to the cheaper abatement tech-

nology.

We note that initial permit ownership is irrelevant for the cost minimization effort
of production firms in Stage 4 and for the equilibrium permit price. Similarly, the
Tech Treaty—which implies that the share a& is auctioned by the international
agency—has no impact on the outcome in Stage 4 once technological development,
diffusion of technologies, and £ are determined. However, as we will see below,
the Tech Treaty will influence the expected number of R&D firms and the overall
supply of permits.

4.2 Solution in Stage 3: The License Fee and Technology

Diffusion

We next consider Stage 3 and determine the license fee and technology choices

given an aggregate amount of emission permits €.

Suppose an advanced technology has been detected. Otherwise, as stated before,
Stage 3 is redundant. Under the Tech Treaty, the patent-holder has to set the
license fee in such a way that all production firms will adopt it, [ = n. In the
following we determine each individual production firm’s highest willingness to
pay for the advanced technology when it assumes that all other production firms
will be licensing that technology. Based on this, the patent-holder sets a license
fee that equals the lowest of these numbers. We derive conditions under which this
ensures that all production firms will license the advanced abatement technology—

as required by the Tech Treaty—and that license revenues are maximized.

Consider the case where | < n production firms adopt the advanced technology.
Any production firm m is indifferent between using the old and the advanced

technology if
CA(O./,Gm,eA) +f = CO(aa ema60)7 (6)
with ¢4 and ¢ defined in Equations (1a) and (1b). In other words, the production
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firm m is indifferent if the fee f satisfies

f=Fn(l) :==co(a, €m, e0) — cala, em, ea)
=go(eo(p(€,1))) — galea(p(€,1+1)))
+p(€, D]em — [1 — alen, — eo(p(E,1))]
—p(E, L+ )[em — [1 — alen —ea(p(E,1+1))]. (7)

The willingness to pay equals the abatement cost differences and the differences
in buying (or selling) permits when either the old or the advanced technology
is adopted. The latter difference depends on the differences between the permit

prices and the differences between emission reductions under the two technologies.

The following lemma establishes how €; — [1 — ale; influences the adoption of the

advanced technology.

Lemma 3
Assume that all production firms except firm i adopt the advanced technology. The
remaining production firm’s willingness to pay for use of the advanced abatement

technology denoted by fi(n — 1) is increasing in & — [1 — ale;.

Proof of Lemma 3.
Production firm 7’s maximum willingness to pay when n — 1 production firms have

already adopted the advanced technology is

filn =1) =go(eo(p(€,n = 1))) + p(€,;n = 1)[e; — [1 — a]e; — eo(p(€,n — 1))]
—galea(p(€,n))) — p(€, n)e;i — [1 — ale; — ea(p(€,n))].

Since p(€,n — 1) > p(€,n) by Lemma 2, we observe that
fz(’l’L— 1) > f](n — 1) = e — [1 — Oz]Gi > éj — [1 — Oz]Ej

since all other components are independent of the particular firm under consider-

ation. ]

Lemma 3 shows that the fewer permits firm ¢ obtains relative to its baseline emis-

sions, the greater is its willingness to pay for the advanced abatement technology.
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Lemma 3 also implies that
argmaxie[l’n]fi(n — 1) = argmax;y (€ — [1 — afe;).
Without loss of generality, we can now order 1,...,n in such a way that
e —[l—ale >eé—[l—ale>..>¢e,1—[1—ale,_1 > €, — [1 — ale,,
so that country n has the minimum willingness to pay, i.e.

fo(n—1) = min fj(n—1).

1€[1,n]

Then, we obtain Lemma 4.

Lemma 4
The license fee is determined by the production firm with the lowest &; — [1 — ale;.

In particular, the patent-holder sets the fee f according to

f(gva’ €n> = fn(n - 1) 290(60(19(57” - 1))) - gA(eA(p(g’n)))
+p(€,n—1)[e, — [1 — alen —eo(p(€,n —1))]
—p(&,n)[én — [1 — alen —ea(p(€,n))]. (8)

and all production firms license the advanced technology.

In equilibrium, the license fee set by the patent-holder is a function of total emis-

sions, the Tech Treaty’s share, and the permits issued by country n, (&, «a,€,)

Setting the fee according to Lemma 4 will lead to a unique equilibrium in which
all production firms will license the advanced technology if the production firm
1’s willingness to pay decreases with the number of production firms adopting the
advanced technology [. Then f;(n—1) corresponds to this production firm’s lowest
willingness to pay. As f,(n — 1) < fi;(n — 1) by Lemma 4, it is always profitable
for production firm 7 to switch, independently of the actual realization of [. As
this holds for all production firms, [ = n results. We assume %l(l) < 0 for the
remainder of the paper. The next Lemma states the conditions for which this is

indeed the case.
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Lemma 5

All production firms license the advanced technology at the fee

afi(l)

f(& a,€6,) = fuln—=1) of ol

<0,1€{0,...,n—1}.
This is the case when either

(1) pi(€,1) = pi(€,1+1);
(ii) ore; — [1 —ale; —eo(p(€,1)) > 0 and

(I) & —[1—ale —ea(p(E,1+1)) <0

(II) ore; — [1 —ale; —ea(p(E,1+1)) >0
and in addition |pj(E,1)| > |p)(E,1+ 1)|.

Proof of Lemma 5. See A.2.2 in the Appendix. m

The condition &; — [1 — a]e; — ea(p(€,1+ 1)) > 0 means that all production firms
are buyers on the permit market. Note that this is the case when « is sufficiently

large and countries are sufficiently symmetric.

In the next corollary we state that Lemma 5 holds for standard abatement cost

functions.

Corollary 1
For quadratic abatement costs,
afi(1)

o <0,1€{0,....n—1}  for plausible values of by/bs and n.

Corollary 1 is shown in Appendix A.5.4, where the entire model is solved explicitly

for quadratic abatement cost functions.

Note that the production firm n is indifferent between buying and doing without
the advanced technology. We assume that indifferent production firms will opt for
the advanced technology. This could be rationalized by postulating an arbitrarily
minor inclination on the part of the production firm to alleviate climate change

in the case of indifference. The tie-breaking rule is not critical for our results. It
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merely avoids working with license fees that are higher than the one derived in (8)

when this difference is arbitrarily small.

We also note that the rules of the Tech Treaty are not restrictive for the patent-
holder if f,,(n — 1)n+ap€ > max fi(l — 1),1 € {1,...,n — 1}. We will later discuss
conditions under which this property holds.

Lemma 6 states how license fee f reacts to a change in a.

Lemma 6
A higher share given to the international agency leads to a higher license fee f,

fl(E ae,) >0, forall€ >0, a € [0,1],¢, > 0.

Proof of Lemma 6.
Equation (8) and Lemma 2 imply that f! = —e¢,(p(€,n) —p(E,n—1)) > 0, as e,,
ea, p(€,n — 1) and p(€,n) do not depend on «. ]

The property established in this Lemma with respect to the Tech Treaty’s share
is intuitive. If it increases, all production firms, ceteris paribus, will receive fewer

permits for free and will thus be willing to pay a higher license fee.

Next we consider the decision problem facing the R&D firms.

4.3 Solution in Stage 2: R&D Activity

In Stages 3 and 4 the availability of the advanced technology was taken for granted.
Stage 2 describes the innovation process and shows how R&D firms decide whether

they want to become active. We assume perfect coordination among them.

Given that k—1 other R&D firms are active the individual R&D firm will invest in
research if the expected payoff is non-negative. Let 7(m, k) denote the probability
of an active R&D firm becoming a patent-holder if £ R&D firms are active in
total and if the probability of detecting the advanced technology is 7. Under
Tech Treaty TT(«), this implies that an individual R&D firm will be interested in

becoming active if
7(m k) [nf(€, a,e,) +p(E,n)a&] —x >0,
with f(€, a,€,) set according to Equation (8).
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The number of successful R&D firms when & R&D firms are active is binomi-
ally distributed with parameters k and 7. Accordingly, the expected number of
successes is mk. As all active R&D firms have the same chance of becoming patent-
holders, we obtain [ "

. 1—-[1—m

al(m, k) = 0
where the nominator equals the overall probability of detecting the advanced tech-
nology when k R&D firms are active, 117 := 1 — [1 — 7|*.'* The superscript T
indicates that the expressions refer to true probabilities. For analytic convenience,

we approximate the probability 7(m, k) to

’ﬁ'A(’/T, ]{?) = m

and use
(m, k) = kx?(r, k) based on II = k7.

The approximation of 7(7, k) consists of two parts. First, it entails the probability
of the R&D firm under consideration detecting an advanced abatement technology.
Second, it also entails the probability of becoming the patent-holder against all
successful R&D firms. The first part is 7 and the second part is approximated by

1
1+7w(k—1)

i.e. with the inverse of one plus the expected number of other successful active
R&D firms.

The derivation of the true probability, the fit of the approximation, and a compar-
ison of the main results under both probabilities are discussed in Appendix A.4.
Most importantly, the approximation works well—especially for small 7—and pro-

duces the same qualitative outcomes for major results.

14 Assuming the other extreme—perfectly correlated innovation successes—yields 7 (m, k) =

k.
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The number of active R&D firms & in an interior solution with £ > 0 is determined

by the expected zero profit condition,

nf(€, a,e,) +p(€,n)a€
T 14k -1
nf(€, a,e,) +p(E,n)a 1

- p + 1. (9)

—xz=0

&S k=

An additional innovator would make the expected profits negative. The number
of active R&D firms depends on global emissions &, on «, and on €,, and we write
k(€ a,€,) and TTIA(k(E, a,€,)), respectively. Corner solutions with k& = 0 arise
when (9) produces a negative value. Throughout the paper we focus on interior

solutions.

A remark on the interpretation of k is in order. Equation (9) only holds with
equality if £ is a continuous number, while the number of R&D firms can be
expected to be a discrete number. One can also permit only a part of an R&D
firm to be active if an R&D firm stands for an entire research cluster formed by
investing x. Once the cluster is initiated, it may become clear which part has a
chance of being successful. The other part will be closed down, and only part of

the cluster will remain active.

A further remark concerns the case where k(&, a,€,) is larger than n. In such
cases, we can allow countries to host more than one R&D firm since there is no
natural limit to the number of R&D firms in one country. However, in the paper
we focus on scenarios with low success probabilities 7 or high research costs x,

which leads to small numbers of R&D firms.

Lemma 7 states how the number of active R&D firms k affects the overall proba-

bility II that an advanced technology will be detected.

Lemma 7
The overall probability that the advanced technology will be detected is increasing
with the number of active RED firms, i.e. H;j‘ > 0.

Proof of Lemma 7.

4 L4+ (k= Dnlr —kn® T — 72
b= a0, “axtonmpe
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Proposition 1 indicates how the Tech Treaty affects innovation by stating how the

Tech Treaty’s share a affects the number of active R&D firms.

Proposition 1
Increasing the share of permits given to the international agency increases the
number of active REID firms, i.e. kI, > 0.

Proof of Proposition 1.
Equation (9) implies
nfl (€, a)+p(E,n)E

T

kKl =

> 0,

as f! >0 by Lemma 6. O

For a given amount of aggregate permits £, the impact of a change in the Tech
Treaty’s share a on the number of active R&D firms is intuitive. A larger share
given to the international agency increases the expected income of an active R&D
firm through two channels. First, the production firm’s willingness to pay for the
advanced technology will increase, as it receives fewer permits for free. Second, the
income due to the Tech Treaty will increase as well, as the international agency
receives a higher share of the issued permits and as permit prices are not affected
by the Tech Treaty parameter . Both effects increase the expected revenues of
the patent-holder and thus the number of active R&D firms.

The influence of the Tech Treaty’s share on the number of active R&D firms can

easily be seen for quadratic abatement costs, as demonstrated in Corollary 2.

Corollary 2

For quadratic abatement costs, the number of active REID firms is

_nf+@a€ 1

k 4,
x T
. [E-&P | ba Y ba
with = 2 bo boln — 1] + ba iy
= _ bo — ba
+[E—€&|le, —[1— a]en]bAn[bO[n 154

Corollary 2 is shown in Appendix A.5.2.
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Overall, we find that a Tech Treaty increases innovation activities and the chances
of success in finding a more efficient abatement technology for given permit is-
suance behavior of countries. Starting from a = 0, increasing a pushes up license
fees and the scaling up of these fees by the Tech Treaty. As a consequence, a Tech
Treaty has an expected positive impact on all future periods in which abatement
of emissions has to take place in the sense that expected abatement costs decrease.
In this paper, we focus on the immediate effects and turn to comparative statics

next.

5 Tightening of Global Emissions

In this section we investigate whether a marginal tightening of the global emissions
limit would help to foster innovation further under a Tech Treaty. The answer is

not obvious, as crowding-out effects may occur.

We first indicate how license fee f will respond to a change in the global emissions
limit for a given Tech Treaty. Then we consider the reaction of the number of
active R&D firms k to a change in the global emissions limit for a given Tech
Treaty. Finally, we discuss whether a tighter global emissions limit will help the

Tech Treaty to foster innovation.

A reduction in the global emissions limit—which implies an increase in overall
abatement—will increase the permit price when either the old or the new abate-
ment technology is used. The impact of tightening aggregate emissions on the
license fee as given by (8) is not straightforward. It depends on whether pro-
duction firm n abates more with the advanced technology and whether the price
increase is larger when n — 1 or all n production firms use the advanced technol-
ogy. These two factors determine production firm n’s willingness to pay for the

advanced technology and the sign of f.

Lemma 8 states conditions for which the ‘normal’ reaction— f% < 0—holds.

5Lemma 5 implies f; < 0 for the conditions stated in Lemma 8.
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Lemma 8
A tighter limit on global emissions will increase the license fee, fé < 0, if one of

the two following conditions hold:

(i) e ™ Pen1s
(i1) ore; —[1 —ale; —eo(p(E,n—1)) >0 and

(I) & —[1—ale —ea(p(E,n)) <0

(II) ore; — [1 — ale; —ea(p(E,n)) >0
and in addition |p(E,n — 1) > [p|(€,n)].

Proof of Lemma 8.
See A.2.3. O

We note that the conditions are a special case of the conditions of Lemma 5,
with [ = n — 1. In the next Corollary we state that for standard abatement cost

functions f¢ < 0 holds as well.

Corollary 3

If abatement costs functions are quadratic, f& < 0.

Corollary 3 follows directly from Lemma 8, but we find it worthwhile to state it
more explicitly. As already mentioned, in Appendix A.5 the entire model is solved
explicitly for quadratic abatement cost functions. This allows a direct proof of

fe <0.

Proposition 2 summarizes how the global emissions limit £ affects the number of
active R&D firms. For this purpose, we use the fact that the zero profit condi-
tion (9) implies that

K = nft(€, o) + alpe(E,n)E —|—p(5,n)]' (10)

X

This yields Proposition 2.
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Proposition 2
A tighter global emissions limit will increase the number of active RED firms, i.e.
ke <0, if
/
—fe(&€
p(€,n) < —felE)n —pe(E,n)E.

«

In particular, kz < 0 if one of the following conditions hold:
(i) f <0 and ph(€,m)E/p < 1,
(i1) f& <0, and « is sufficiently small,

(iii) the abatement cost functions are quadratic, and € > E/2.

Proof of Proposition 2.
Points (i) and (ii) from Proposition 2 follow directly from the general condition.
Point (iii) follows from the complete solution of the model for quadratic abatement

costs in Appendix A.5. O

The effect on the number of active R&D firms of a change in the global emissions
limit depends on the effect of the global emissions limit on the license fee f and
on the elasticity that describes the reaction of the permit price to a change in the
global emissions limit. This elasticity is pt(€,n)E/p, as described in case (i) of
Proposition 2. The influence of this elasticity stems from the scaling of the patent-
holder’s income through the Tech Treaty. The international agency’s budget for
scaling the patent-holder’s revenues is ap&. If fewer permits are issued, the permit
price has to increase to compensate for the lower number of permits and ensure

that ap& does not decline.

We are now in a position to judge whether a tighter global emissions limit will
support the Tech Treaty in fostering innovation. In a setting characterized by
emissions limit £ close to baseline emissions £ and a low permit price p, tightening
of the emissions limit will help the Tech Treaty to foster innovation. The general
condition in Proposition 2 shows the interrelation. For a low permit price, a
tightening in the global emissions limit increases the number of active R&D firms.
When the global emissions limit is already low, crowding-out may occur in the sense
that the number of active R&D firms will decline. However, potential crowding-
out when overall emissions are marginally reduced can be compensated for by

strengthening the Tech Treaty. This follows from Proposition 1.
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We conclude this section with an extreme example in which only a Tech Treaty
can spur innovation. Crowding-out occurs, and tightening the Tech Treaty can

neutralize the effects of that phenomenon.

Proposition 3

Suppose that abatement costs are linear (go(e;) = boei, ga(e;) = bae;). Then,

(i) p = bo if no technology is detected or no firm adopts an advanced technology,

(i) p = by if at least one firm adopts the advanced technology
(i1i) f =0

(iv) k(€ a,m) =428 +1 -1

T

Proof of Proposition 3.
The proof is given in Appendix A.6. ]

The intuition for Proposition 3 is as follows: Suppose the fee is positive and at least
one production firm buys the advanced technology, so the permit price becomes
p = bs. Then for the remaining production firms buying permits is more attractive
than buying the license for the advanced technology. Actually, there can never be
an equilibrium in which more than one firm will switch to the advanced technology
when f > 0. R&D firms anticipate this and will not become active. This logic is
independent of the rule of the Tech Treaty. In such a situation, only a Tech Treaty
can induce R&D firms to become active. Lowering £ will reduce k, but it can be

compensated for by an increase of a.

So far, the analysis does not take into account that the Tech Treaty itself may
influence the global emissions limit as it affects the incentives of countries to issue

permits. This we analyze in the next section.

6 The Tech Treaty and Decentralized Permit Is-

sualnce

In this section we first describe how given a Tech Treaty the local emission limits

are set in Stage 1. This implies solving the entire four-stage game. Then we discuss
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how the Tech Treaty impacts the global emissions limit. To explore whether a Tech
Treaty is likely to initially increase or decrease global emissions, we define what
we call a ‘difficult research environment.” Otherwise there is no need for a Tech
Treaty. The difficult research environment is characterized by low probabilities
of innovation success or high research costs. Large potential cost reductions in
abating or storing emissions are possible. This set-up leaves sufficient degrees of

freedom for constellations with either few or many active R&D firms.

6.1 Solution in Stage 1: Permit issuance

We examine the choices of local planners in Stage 1, given the solutions in Stages
2, 3, and 4 as derived in Section 4 for a fixed value of £ (and €,). A local planner
chooses ¢; to minimize the costs for the local citizen, taking the permits issued by
the other planners £_; and the Tech Treaty’s share a as given. Let V' (¢;) denote
local citizens’ costs as a function of the permits issued in that country. Local costs
consist of damages and the local production firm’s expenditures on abatement, on
emissions permits, and on the license fee. Expected income for the local R&D firm

is zero and does not enter V(e;).

Since an advanced abatement technology may only be discovered with probability

II, the expected costs are

V(El) =
abatement costs expenditures permit market fee damages
P A — A A A
[[gaea(p(€,n))) +p(€, n)[e; — ea(p(€,n)) — [1 —ale]] + f(€, a,en) + di(E) ]
+ (1 =) [lgoleo(p(€,0))) +p(€,0)[&; — eo(p(€,0)) — &]] + di(€) . (11)
abatemja?lt costs expenditures;rmit market damages

For convenience, we re-arrange expression (11) into three parts: the costs if no

advanced technology is discovered, the cost change that occurs if it is discovered,
and damages. Let the costs that occur if the advanced technology is not discovered
be denoted by

c(a, &) :=go(eo(p(€,0))) + p(€,0)[e; — eo(p(€,0)) — €l (12)
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and let the cost change when the advanced technology is discovered be expressed

as

Acla, ;) :=galea(p(€,n))) +p(€,n)lle: — ea(p(€,n)) — [1 — ale] + f
—go(eo(p(€,0))) — p(€,0)[ei — eo(p(€,0)) — €.

Four remarks are in order. First, to save on notation and because results hold
both for I and TI7 (see Table 3), we write II. Second, abated emissions will
be the same under both technologies. The emissions limit is the same with both
technologies, and all production firms use the same technology in equilibrium, such
that _

E-¢£

n

€q — €0 =

Third, if no advanced technology is discovered the permit share initially allocated
to the international agency is returned to the countries and grandfathered to the
production firms (Rule 4). For this reason, total costs for some production firms
may be lower when no advanced technology is discovered compared to when it
is discovered.!'® Fourth, using (8), the cost reduction for the production firm in

country n can be written as

Acy, =go(eo(p(€,n —1))) +p(€,n—1)[en —eo(p(€,n — 1)) — [1 — ale,)]
—go(eo(p(€,0))) — p(€,0)[, — eo(p(€,0)) — €, (14)
as the licensing fee is set equal to the firm’s willingness to pay for the advanced
technology f = fu(n —1).17
As E = &, we directly write d;(&).

16

Ac(a,€;) :==ga+p(€,n)l[éi —ea — [1 —alei] + f — go — p(€,0)[e; — eo — &] — p(€, 0)ae;
<0 follows from Lemma 4

+p(€,0)ae;. (13)

The case Ac(a,€;) > 0 is more likely to occur when « is large and the gain from the advanced
technology is low. Once the advanced technology is discovered, it is always profitable—given our
assumptions—to adopt it.

17 All results for country n are given in Appendix A.3.
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Then the local planner’s problem in countries i € {1,...,n — 1} can be written as

V¥(a,E_;,6;) =minV(e;), with

€4

V(ei) =[go(eo(p(€,0))) + p(€,0)[e; — eo(p(€,0)) — €]+ di(€)
~ ——

costs ¢ local damages

+ Ik, a,€,))
11 innovation probability
[ga(ea(p(€,n))) +p(E,n)lei — ea(p(€,n)) — [1 — ale]
j‘f(gv Q, 6“) - [gO<€O(p(ga O))) +p(57 O)[éz - eO(p(E> O)) - ezm . (15)

~
cost change Ac

Without R&D activity, i.e. for £ = 0 and II = 0, the expression reduces to cost

plus local damages.

We now turn to the solution of (15). As ¢; € [0,¢;], we will focus on an interior
solution, as extreme parameter constellations for corner solutions ¢; = 0 or ¢; = ¢&;
are implausible and of no interest. We present the first-order optimality condition

in the following and discuss the second-order condition in Appendix A.2.

To simplify notation and as £ = Z? i €5 + €, we directly use O€ /0e; = 1. Given
the fact that the permit price equals marginal abatement costs (Equation (2)),

some terms cancel out and the first order condition reads

Ve =p(€,0)[ei — eo(p(€,0)) — 6] = p(E,0)+  di(€)
(. ~ - N —"
marginal costs céi marginal damage
+1(k(E, a, €,))
N—————
Ov. Inno. Prob.

[pe (€. n)le: — ea(p(€,n)) — [1 = alej]
\_plg(‘i 0)[éz - eO(p(g7 0)) - Gi] - [1 - a]p(57 n) + p(g, O) + fé(é‘, «, En)l

-

marginal cost change Ac’ei

+}T;(k(5,a,&))k’5(€,al
[ga(ea(p(E,n))) +p(E,n)e; — ea(p(€;n)) — [1 — alei]
—goleo(p(€,0))) — p(€,0)][é; — eo(p(€,0)) — €] + f(€, a,€,)] = 0. (16)

~
cost change Ac
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Equation (16) reveals that the optimal number of permits a local planner issues is

determined by

(i) ‘marginal costs’, i.e. the marginal effect of a change in permits issued on the

production firm’s costs without the advanced technology,

(ii) ‘marginal damage’, i.e. the marginal effect of a change in permits issued on

damages,

(iii) ‘marginal cost change’, i.e. the marginal effect of a change in permits is-
sued on the production firm’s cost change when the advanced technology is

discovered,

(iv) ‘marginal innovation’, i.e. the marginal effect of a change in permits issued

on the overall probability of detecting an advanced technology.

We next discuss the direction of these effects. Increasing the number of permits

in a country will

(i) decrease or increase the production firms’ marginal costs when no advanced
technology is discovered (¢, ). This follows directly from property pi < 0 in

Lemma 2 and Equation (12). When the production firm is a buyer on the

international permit market, marginal costs are decreased;
(ii) increase the local citizens’ costs by increasing damages (d; > 0);

(iii) can increase or decrease the marginal cost change. For instance, when
Ipe(E,1—1)] > |p:(&,1)|, the marginal cost change increases if the produc-

tion firm is a buyer on the international permit market and if f{ is small;

(iv) increase (decrease) innovation activities if k; > (<)0.

Let us consider a potential equilibrium. Condition (16) can be seen as a best
response by each local planner in country 4,j € {1,...,n — 1} to the actions of the
other local planners. For the local planner in country n, the condition is slightly
different, as the fee f is set in such a way as to make country n indifferent between

adopting and not adopting the advanced technology. The condition is given in
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Equation (26) in Appendix A.3. Then Condition (16) for i € {1,....,n — 1} and

Condition (26) for i = n give n equations for n unknowns ¢;, i € {1,....,n}."

Proposition 4 states conditions under which such an equilibrium exists and is
unique when countries i € {1, ...,n—1} are symmetric. It shows that an equilibrium

is more likely to exist when the research environment is difficult.

Proposition 4
An equilibrium described by the first-order Condition (16) for symmetric countries

i €{l,...n— 1} and Condition (26) for i = n ezists and is unique when

(i) damages accelerate sufficiently fast and research costs x are sufficiently large

(i1) or innovation probability is sufficiently small, pfe =0
and —0ep/Oppe < 2.

Proof of Proposition 4.
See A.2.4 in the Appendix. n

We note three things. First, quick acceleration of damages is in line with catas-
trophic damages after crossing a threshold. Second, there are circumstances in
which an equilibrium does not involve any active R&D firms. Third, the logic of
the proof can be extented to certain types of asymmetry, notably with respect to

baseline emissions and an additive term to damages.

6.2 The effect of the Tech Treaty on permit issuance

In the following, we explore whether a Tech Treaty is likely to initially increase
or decrease global emissions when the research environment is difficult, i.e. when
potential cost reductions for abating emissions are large, but when probabilities of

innovation success are low or research costs are high.

18In such an equilibrium, countries 1,...,n — 1 could have a strategic incentive to become
country n by their choices of ¢;, as country n is in a position to influence f not only via &
but also via €,. As production firm n’s cost is independent of the licensing fee, there are few
incentives for production firm n to change f via €,. Thus incentives to become country n to
change f are small, and we neglect them accordingly.
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To facilitate interpretation, let

£l ) == (€, wzﬁ

display the elasticities of the permit price with respect to the permits issued by

country ¢ when [, [ = 1, ...,n production firms have adopted the advanced technol-
ogy.
We first provide a proposition that shows that the permit price elasticity is one

important condition for the Tech Treaty’s impact on permit issuance.

Proposition 5
Suppose that second derivatives pg (E,1) = 0, fée ~ 0, f¢, =~ 0 are small,

damages accelerate sufficiently fast and x is large with 11, /x small.
Then an increase in the Tech Treaty’s share will lower the number of permits issued

by the local planner in country i if £(1,¢;) > —1, withl =1, ..., n.

Proof of Proposition 5.
See A.2.5 in the Appendix. O]

Here is an example to illustrate condition £(l,¢;) > —1 in Proposition 5. For
quadratic abatement costs,

€

Z:’Lzl € — Z?:l €

If all countries are identical and issue the same number of permits, we obtain

f(l, Ei) ==

€

le) = ———.
§(:€) ne — ne

The condition £(I,¢;) > —1 implies € < en/(n+1), with en/(n+1) close to € when
n is large. Hence, the elasticity condition is fulfilled as soon as permit issuance is

slightly below business-as-usual emissions.

With quadratic abatement costs, we obtain a direct condition on the underlying pa-
rameters and functions for the impact of the Tech Treaty on global emissions. While
Proposition 5 stated results for high research costs, Proposition 6 discusses the case

of small 7.
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Proposition 6
Suppose abatement costs are quadratic and the number of countries is large. Then

an increase in the Tech Treaty’s share will lower the permits issued by the local

planners, i.e. gz <0, if

(i) innovation probability is low,

(ii) the cost difference between the old technology and the advanced technology is

large,
(i1i) damages accelerate sufficiently fast,
(vi) E—¢ > &> E/2,

(v) and €, small.

Proof of Proposition 6.
See A.5.5 in the Appendix. n

In a numerical example Figure 1 illustrates how global emissions and the number of
R&D firms depend on the Tech Treaty’s share when abatement costs are quadratic.
It shows that, without Tech Treaty, no R&D may take place. It also shows that
the Tech Treaty’s share needs to be sufficiently high to achieve k& > 0.

To obtain further insights, we again consider the case of linear abatement costs
initially discussed in Section 5. Proposition 7 states results for linear abatement

costs.

Proposition 7

Suppose abatement costs are linear.

The increase in the Tech Treaty’s share will lower the permits issued by the local

planners, i.e. g‘z <0, if

(i) research costs are high,

(ii) or if a is small.

Proof of Proposition 7.
See A.6.2 in the Appendix. O]
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The parameter values chosen are as follows: bo = 590, by = 0.7bp, B = 23.7667, n = 8
and €;,1 € 1,...,8 = [9.8330,9.9443,10.0557,10.1670,9.6104,9.7217,10.2783, 10.3896] for both
scenarios; for the baseline: 7 = 0.1 and z = 840.9869, and for the more difficult research

environment: 7 = 0.05 and = = 1000.

Figure 1: The influence of the Teach Treaty’s share a on global emissions and on
the number of R&D firms.

35



Proposition 7 considered the case of high research costs. In the following, we
now consider low success probabilities of R&D success. Assuming countries are
identical, low innovation probability!® II ~ 7wk and a quadratic damage function

allow a direct solution for ¢;. Proposition 8 summarizes the result we obtain.

Proposition 8
Suppose abatement costs are linear, damages are quadratic, innovation probabilities

are low and lead to Il =~ mk, and countries are identical. Then,
(i)

Cbo — w42 [b — bolé + [1 — 7] [bo — [1 — alba]
B w242 (b, — [1 — abal[n + 1] + on

and

(i) an increase in the Tech Treaty’s share lowers the number of permits issued
by the local planners (% < 0) if the potential cost reduction bo — ba is
sufficiently large.

Proof of Proposition 8.
See A.6.3 in the Appendix. O]

Proposition 8 yields important insights on how emissions change when a Tech
Treaty is introduced. As long as potential cost reductions are large and the re-
search environment is difficult, then a Tech Treaty will provide additional incen-
tives for local planners to tighten permit issuance. In line with our other results,
it shows that introducing a Tech Treaty step by step with low values of « will not
backfire into higher aggregate emissions when the research environment is difficult.
However, a low value for the Tech Treaty’s share may not be sufficient to stimulate

R&D, as illustrated by the numerical simulations.

7 Participation

So far, we have taken either the emissions limit or the countries’ participation

in the emissions permit market and the Tech Treaty as given. In this section, we

Y The results are based on a Taylor Approximation of II” around 7 = 0.
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discuss the countries’ incentives to participate in both the emissions permit market
and the Tech Treaty.

Since the local planners in the different countries can always choose permits ¢; equal
to baseline emissions ¢;, participating in the international permit market does not
make a country worse off than autarky, and in general, there are efficiency gains, as
global abatement costs are minimized. If not all countries participate, one might
from a global perspective be concerned about carbon leakage in situations when
local planners tighten emissions and choose ¢; substantially smaller than e;. The
danger of carbon leakage can be alleviated by granting free permits to industries

in which carbon leakage is more likely to occur (see e.g. Martin et al. (2014)).

Gains from participating in the Tech Treaty come from positive externalities from
innovation and—under certain conditions—also from an immediate global emis-
sions reduction. Although there are clear gains from the Tech Treaty, there are
also incentives to free-ride and to grandfather all permits to the local production
firm instead of giving a share to the international agency. Behaving in this way
means that a country does not finance innovation activities, but still benefits in
several ways from higher innovation efforts by other countries: lower global emis-
sions in the future, lower current permit prices if it is a net buyer, and possibly
lower global emissions in the present. Moreover, once the advanced technology is

detected, the country could try to license it at market fee f.

To reduce the incentives to free-ride, one can add a rule to the Teach Treaty that
specifies the terms of use of the advanced technology for countries that are not part
of the Tech Treaty. Consider the following two possibilities: First, countries that
do not participate in the Tech Treaty are not allowed to license the advanced tech-
nology at all. One can enforce this by adding the following rule to the Tech Treaty:
If the patent-holder sells the advanced technology to production firms outside the
Tech Treaty, it will not obtain financial support from the Tech Treaty. This ap-
proach follows Barrett (2006) in the sense of setting that a threshold that punishes
free-riding, which may ensure participation. A second possibility is to license the
advanced abatement technology to non-Tech-Treaty countries at a higher fee than
for the participating countries, so that the R&D expenditures of the participating
countries are partly recovered and an incentive to participate in the Tech Treaty

is created from the start.
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It will suffice for the industrial countries and large carbon emitters such as India,
China and Brazil to participate in order to spur innovation activities as envisioned
by the Tech Treaty while free-riding incentives exist. The reason is that these
countries account for the vast share of greenhouse gas emissions and R&D efforts.
Hence, if they form a ‘Tech club’, most of the gains from a Tech Treaty will be

realized.

Moreover, developing countries may lack the ability to adopt advanced technolo-
gies. This will lower their incentives to participate in the Tech Treaty as they would
be financing R&D in industrialized and emerging countries, which violates the fair-
ness criteria.?’ The obvious solution is to form a Tech club—as discussed—and
to allow developing countries to adopt the technologies nevertheless. In addition,
one could implement technology transfers, possibly conditional on the develop-
ing countries’ own efforts to reduce emissions. Some developing countries make
their abatement efforts conditional on technology transfers (see International Cen-
ter for Climate Governance (2016)).

8 Discussion

Based on a theoretical model, we have derived conditions under which the in-
troduction of a Tech Treaty will spur innovation activities and lead to expected
lower future emissions. The Tech Treaty may in addition incentivize countries to
reduce emissions immediately. In the following, we discuss some of the model’s

assumptions and how they influence our results.

First, in the present set-up, the Tech Treaty states that all permits that are not
given to the international agency are grandfathered to the production firms. This
does not have to be the case. They could also be auctioned. One could include
this explicitly in the model by splitting up the share of permits auctioned into two
parts. One part would be returned to the countries, as is currently the case under
the EU ETS (European Commission, 2016a). The other part would be given
to the international agency, which-—as under the presented Tech Treaty—uses
the revenues to support technological developments. Auctioning a larger share of
permits increases incentives for production firms to use the advanced technology,

which further spurs innovation activities.

20Gee e.g. the discussion in Bretschger (2013) or Bretschger and Vinogradova (2015).
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Second, in order to increase revenues from licensing an R&D firm may want to
price-differentiate licensing fees among production firms, depending on their will-
ingness to pay. This option is always available, but such an R&D firm will lose
the rescaling of license fees by the Tech Treaty. If an R&D firm decides not to be
subject to the rules of the Tech Treaty, this is of no concern for the Tech Treaty
itself, as innovation efforts—the aim of the Tech Treaty—will still occur. More-
over, when the Tech Treaty’s share « is not close to zero, the revenues from a Tech
Treaty for R&D firms are plausibly higher than the gains from price discrimina-
tion in licensing technologies. Of course, since in practice many production firms
operate in one country, the requirement to license to all firms in all participating
countries would have to be made practical by requiring that a significant fraction

of the production firms adopt the new technology.

Third, if one interprets the Tech Treaty as a subsidy for patent purchases, one may
ask why the government does not buy the patents directly, or at least gain partial
ownership. One reason is informational constraints. It is difficult for a government
to determine what patents to buy and what price to pay. Additionally, making
support dependent on existing licensing revenues ensures that the developed tech-
nology is commercialized. Support via the Tech Treaty is like an additional prize
for the success of innovation efforts. This kind of incentive in targeting private-
sector research is currently being used by Google to spur private innovations in the
space sector (see XPRIZE Foundation (2016b) and XPRIZE Foundation (2016a)).

Finally, the present set-up of the model focuses on technology licensing, i.e. on
reducing emissions in the production process. One could also focus on supporting
the development of products that emit less carbon when used. Then the sales
price would have to be considered instead of the licensing fee. In principle, Tech
Treaties can be used for such scenarios as well. We leave detailed analysis to future

research.

9 Conclusion

As it is extremely difficult, if not impossible, to design global climate treaties with
binding and drastic abatement targets, we have examined a different approach to

see if it can slow down climate change. We introduce an international technology
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treaty, a ‘Tech Treaty’, that couples the funding of research for detecting a more
advanced abatement technology with an international emissions permit market.
While each country is free to issue as many permits as it likes, under the Teach
Treaty a fraction of these permits is auctioned in the permit market, and the
revenues are used to reward innovations in abatement technologies. Our results
suggest the following: First, for a given global emissions limit, a Tech Treaty will
increase innovation activity furthering the development of new abatement tech-
nologies, which will lower future emissions. Second, together with a Tech Treaty
a reduction of the global emissions limit will also increase innovation as long as
countries have not already tightened permit issuance significantly compared to
business-as-usual. Finally, even in the currently observable situation with little
research and without Tech Treaties, introducing such a treaty would reduce emis-

sions.

The proposed design only partially solves the climate change problem, since even
with better abatement technologies, too many permits might still be issued by
countries. But, given that a grand coalition like the one initiated by the Paris
Agreement now exists, the Tech Treaty proposed here provides incentives for de-
veloping more advanced abatement technologies, possibly inducing countries to
reduce emissions now and doing so more certainly in the future. Also, as tighter
emissions limits are not necessarily sufficient to spur innovation, additional instru-

ments like a Tech Treaty may well be needed.
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A Appendix

A.1 Technologies

Table 1: Maturity of technologies in the area of renewable energy based on UN-
FCCC (2009).

Stage of maturity Technology applications

R&D Biomass fuel cell and CCS power generation
Power storage
Solar nanotechnology photovoltaic
Demonstration Ocean power (saline gradient (osmosis), thermal gradient (OTEC), wave)
Offshore wind (floating)
Geothermal-enhanced geothermal systems
Concentrated solar power /solar thermal
Deployment Offshore wind (fixed)
Biomass integration gasification combined cycle, gasification and pyrolysis
Biogas
Solar photovoltaic
Concentrated solar power / solar thermal (barrier, steam)
Tidal (barrier, stream)
Diffusion Onshore wind
Run of river hydropower
Geothermal—conventional
Commercial Hydropower (dam)
Biomass co-firing

The different stages are defined as follows:

‘Research and development means that while the basic science is understood, the technol-
ogy 1s at the stage of conceptual design or testing at the laboratory or at the bench scale.
The unique barriers it faces relate to the proof of concept and to technological challenges.

RED typically occurs in only a few institutions globally for a given technology.

Demonstration involves full-scale implementation of a limited number of installations by
a small number of companies or research facilities. Demonstrations provide information
on the capital and operating costs and performance of the technology at full scale. This
information is used to improve the cost, performance or other characteristics to make

the technology attractive to potential consumers.

A technology at the deployment stage is well understood and is available for selected
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commercial applications but is more costly than the established technology, even taking
into account a price for GHG emissions or equivalent policy. The buyers must pay a
premium price, owners must accept a loss on each sale or governments must provide
financial or other incentives for the technology. The experience gained from additional

sales usually enables the cost of the technology to be reduced.

At the diffusion stage the technology is competitive with the established technology if a
price of greenhouse gases (GHG) emissions or equivalent policy is taken into account.
Howewver, the technology may still face barriers relating to the economic environment,
social acceptance, cultural issues, or institutional arrangements, such as access to the

grid for the sale of electricity generated or the adoption of appropriate safety standards.

A commercially mature technology is competitive with the established technology even
if the price of GHG emissions is not considered, but may need to overcome market
failures and specific transaction costs. The market failures faced by energy efficiency
technologies are a typical example. FExisting subsidies for fossil fuel and other GHG-
emitting technologies are another example.” (UNFCCC, 2009, p. 9)

Table 2: Technologies to increase industrial efficiency in saving carbon emissions.

Sector Technology Source

Iron and steel Advanced wet quenching ClimateTechWiki (2016)

Iron and steel Coke dry quenching ClimateTechWiki (2016)

Paper and pulp Black liquor gasifier ClimateTechWiki (2016);

Croezen and Korteland (2010)

(Petro-)Chemical Biopolymer production ClimateTechWiki (2016)

Cement Blast furnace slag granulation ClimateTechWiki (2016)

Cement Clinker substitute (slag, ClimateTechWiki (2016)
natural or synthetic pozzolans)

Steel Electrolysis Croezen and Korteland (2010)

Steel Coke-free steelmaking, with Croezen and Korteland (2010)
or without CCS (HIsarna)

Cement Magnesium based clinker (Novacem) Croezen and Korteland (2010)

Paper and pulp

Paper drying innovations

Croezen and Korteland (2010)
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A.2 Proofs for Sections 4-6
A.2.1 Proof of Lemma 2

Proof of Lemma 2.
Using implicit differentiation in (5) yields

dp _ —lealp) —eo(p)] a7)
Oe Oe ’
O 19400 4 [ — 1) 2cg10)
From Lemma 1, es(p) — eo(p) > 0. Equation (2) implies
Oe; 0g? - oe; 09> !
J (@) ? A . .
— = | == 0, —=|=% 0 =1,...,1 =1+1,..
ap [ 863 ] > Y 8p [8612 } > ) ? I’ 7 .7 —"_ Y ) n?
and thus deo(p) des(n)
€o\pP €eA\p
op > 0, op > 0.
As n > 1, the denominator of Equation(17) is positive and thus
Ip
a0 < 0.
Similarly, it follows that
dp -1
= _ <0
Oe Oe
0F  12400) 4 [ — ) 2e0D)
forall € > 0,1 € [0,n]. O
A.2.2 Proof of Lemma 5
Proof of Lemma 5.
Equation (7) implies
afi(l _
D i, le— 11~ oles — colp(e, 1)
(& 1+ 1)fei = [1 = aei — ea(p(€,1+1))], (18)

where other terms in the expression for df;(1)/0l cancel out, as prices equal marginal

abatement costs (Equation (2)). By Equation (5), ea(p(€,n)) = eo(p(€,0)) and since
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ei(p(€,1)) is decreasing in [,
eA(p(gvl+ 1)) > eO(p(gal))

for I =1,...,n — 1. Then, under Condition (i),

ofi(l)
0l

=pi(€,D[ea(p(€,1+1)) — eo(p(€,1))] < 0.
Under conditions stated in (ii), we have €; —[1 —ale; —eo(p(€,1)) > 0 and the two cases:

(1) & —[1—ale —ea(p(E,1+1)) <O0:
<0
D _3fE e~ 1~ les — coln(e, D)

—pi(& 1+ 1)[ei — [1 - ale; —ea(p(&,1+1))] <0,

>0

(IT) &; — [1 — a]e; —ea(p(E,1+ 1)) > 0:

>1 >1

afi(l) <0 (€D & —[1—ale—eo(p( )
al PiEL+1) & —[1—ale —ea(pE,l+1))

> 1.

A.2.3 Proof of Lemma 8

Proof of Lemma 8.
Equation (8) implies

fe =pe(€,n—1len — [1 — aley —eo(p(€,n — 1))] (19)
- p:‘)(57n)[én - [1 - a]en - eA(p(gvn))]7

where p.(€,n) < 0 by Lemma 2. Other terms in the expression for fZ cancel out, as

prices equal marginal abatement costs (Equation (2)).

In the case of (i) with pg , ~ pe,, 1,

fe =pe(&)[—eo(p(€,n — 1)) + ea(p(€,n))] <0 (20)
with e4(p(€,n)) > eo(p(€,n — 1)), as shown in the Proof of Lemma 5.
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Under conditions stated in (ii), we have the two cases.

(I) & —[1—ale —ea(p(€;n—1)) <0
<0
fe =pe(€,n—1)[e; — [1 — ale; — eo(p(€,n — 1))]
—pe(&,n)le; — [1 — ale; — ea(p(€,n))] <0,

>0

(IT) &; — [1 — ae; —ea(p(E,n — 1)) > 0:

>1 >1

A

pe(E,n—1) & —[1—ale —eo(p(€,n—1))
Pe(E,n) e —[1 —ale; —ea(p(€,n))

fe<0& > 1.

A.2.4 Proof of Proposition 4

Proof of Proposition 4.
For inner solutions with ¢; € [0, ¢&;], we derive conditions under which the solution of
the local planner’s problem exists and is unique. Moreover, we examine whether an

equilibrium regarding permit issuance for all local planners exists and is unique.

The solution of the local planner’s problem exists and is unique when the minimization
problem is convex. This is the case when the second order condition holds, i.e. when
V. >0.

€364

20



Based on (16),

deo(p(€,0))

Ve/i/,ei :pg,g (87 0)[é’t - eo(p(& 0)) - ei] +p/£ (5, 0) - ap

2d; nfr(€, a) + alp:(E,n n
85[2(28) Lot fe(€ a) + [pgrié’, )E +p(€,n)]
I [ p2 g (E,n)[ei — ea(p(€,n)) — [1 — alej]

+paann—&“%$””%aanw—u—an

— pLel€.0)[ei — colp(€,0)) - el
ey 20lr(E.0)

dp
+ fg,é'(gv «, En) ]

y [nfe(E,a) + alpe(E,n)E + p(€,n)]]°
+ [ 1T}, .

1 nfé e+ alpg ¢(E,n)E + 2p(E,n)]
k

T

/
Ac,

p:g(g,(]) - 1] - [1 - Oz]p:g(g,n) +p:€(570)

] Ac, (21)
with

Acq, =pe(€,n)le; — ea(p(€,n)) — & — pe(E,0)[e; — eo(p(€,0)) — [1 — ale;]
—[1 = a]p(&,n) +p(E,0) + fe(E, a,€n)

g,g = pg,é‘(“:? n-—= 1)[én - (1 - a)6n - 60<p(57 n-— 1))] +pi€(57n - 1)[_85;70274/8(57” - 1)]
—%Aamm—u—ww—m@wmm—%wmwéﬁ%wmn (22)

and Ac defined in Equation (13).

If damages accelerate sufficiently fast—i.e. if %2;3' is sufficiently large—(i.e. Condition

(i) in this proposition), VE’;EZ_ > 0. This also holds for the case £k = 0. Hence, we have
established that for an individual local planner—keeping the permits issued by all other
local planners constant—the decision problem is convex and thus the solution unique.

If pee =0, IT =1I), = II}, = 0 because ™ ~ 0 (see Table 3) and —%Z(f’o))p’g(g,()) <2

(i.e. Condition (ii) in this proposition), we have

deo(p(€,0))
Op

2.

Again, for an individual local planner—keeping the permits issued by all other local

planners constant—the decision problem is convex and thus the solution unique.
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We now discuss an equilibrium with permit issuance for all local planners for symmetric
countries ¢ € {1,...,n — 1}. The equilibrium is unique when it corresponds to a global

minimum. We therefore examine the properties of the Hessian matrix

" " " "
V61,€1 V61,62 V61,63 e ‘/;17571
" " " "
H = V62,61 V62,62 V62,63 T ‘/627671
" " " "
_‘/fn,fl ‘/fn,eQ ‘/;n753 e ‘/;n75n_

The difference between V. and V. stems from the impact of ¢;. When a derivative

with respect to €; is taken, the term appears in V/ but not in V7. One can write

V// — V// + X

€;,€] €;,€5
with

X =—[[1 —Tpe(£,0) + [1 = o]H[pe (€, n)] +ke I [[1 — alp(€,n) — p(£,0)].

<0 <0

Plugging in for kg (given in Equation (10)) yields

X =~ [[1 - pg(£,0) + [1 - o[T[pe (€, n)]

nfe(€, o en) + alpe(€,n)€ + p(€,n)]
T

+

H;c[[l - a]p(é’,n) —p(g, 0)]

In the case of country n, V! . =V/ ., T X only holds when the impact of €, on f, and

€n,€n

thereby on k£ and its derivatives, can be neglected. It can be neglected when z is high

or m small. Then the Hessian can be written as

Vi Ve Ve - Vi, A+X A A A
‘/;/2,751 ‘/;/2,,62 ‘/;/2/,53 cee ‘/'6/2/7% _ A A+X A A
_V6/:L761 V6/:L,62 Ve/:L,eg e V€/7/“€n_ i A A A ... A+ X_

with A =V A=V ,A+X =V and A, X > 0 for

a large x (i.e. Condition (i) in this proposition) or a small 7 (i.e. Condition (ii) in

and A+ X = V/

»€q7 n,€n’?

this proposition). It is easy to verify then that this Hessian is positive-definite. The

equilibrium corresponds to a global minimum. Hence Proposition 4 holds. O
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A.2.5 Proof of Proposition 5

Proof of Proposition 5.

To determine the reactions of the local planners to changes in the Tech Treaty, we

consider the sign of

o€ _ e
da pt oa’
by implicit differentiation with
dei Vi
— = L. 23
Oa % (23)

To keep the examination independent of choosing II* or II7, we define

H/l
7 = —kk
I},

(see Table 3).
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We start by discussing the sign of V7

VL =1(E(E, a,en)) [DE(E,n)er + p(E,n) + fE]
N—_——

ov. inno. prob. cost-reduction effect,Acl, ,

+ B fnf1 (.00 + p(.mE]

~~

11}, kL, >0
[pe(€,n)le; — ea(p(€,n)) — [1 — alei] — pe (&, 0)[€; — eo(p(€,0)) — €]
+p(67 0) - [1 - a]p(57 ’/L) + fcé,'(gv Oé)]
marginal cost;duction, Acgi
Pe(E,n)€
p(€,n)
marginal innovation, IT) k%
[fo +€ip(E,m)]
~———
Ac!

(e

+I¥“ [nfé(g,a)+ap(5,n)[ +1]]

st e )
#gMelE D EPEDE 6, 0) 4 e m PSS 4 1)

innovation effect, (II} k¢, +11}/, ki kL)
[94(ea(p(€,n))) — go(eo(p(€,0))) +p(&,n)lei — ea(p(€,n)) — [1 — ale]
—p(&,0)[e; —eo(p(€,n)) — ] + f]. (24)

cost reduction, Ac;

Equation (24) shows that marginal damages do not influence the marginal effect of the
Tech Treaty’s share a on the permits issued ¢;. The marginal effect of an additional
research firm on the overall success probability per x (II} /z), the effects on the licensing
fee (f¢, fa, f¢.) and the reaction of the permit price play an important role for the
determination of the sign of Equation (24). The reaction of the permit price works
through four different channels, i.e. through the elasticities of the permit price with
respect to the global emissions limit and with respect to country i’s permit issuance,
the difference in permit prices, and the differences in the marginal effects of the global
emissions limit on the permit prices. In terms of exogenous parameters, the effects can
be traced back to research costs x, innovation probability w, and to the difference in
abatement costs between using the old and the advanced technology. Also, the level of

the Tech Treaty’s share o matters for the overall direction of a change in «.
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For sufficiently high research costs x (as required in Proposition 5),

"

V::,oz = H(k(‘c/‘: «, 6”)) [[pii‘(g7 n)ei + p(g, n) + fg,ozH
NI

ov. inno. prob. cost reduction effect, Acl

=I(k(E, o, €n))[[P(E€,n)]

piﬁ' (87 n)ei
p(€,n)

The other terms of (24) are close to zero. If f¢ | ~ 0 (Proposition 5), then V* > 0 for

P (En)e;
p(€,n)

+1] + feall

+ 1 > 0, as stated in Proposition 5 in terms of the elasticity (I, ;).

We now turn to the sign of V" . Equation (21) gives its general expression. For
IT},/z ~ 0 and pg £(£,1) = 0 (both required in Proposition 5), Equation (21) reduces to

e 2 ;
Ve =(1- )pé(S,O)[—Wp%(g’o) g4 ? (;lggs)
+ Hp:s(g,n)[—Wp'g(E,n) — 21 — a]] + Tf2 e (&, a, €0).

For f¢ (€, €n) > 0 or small and damages accelerating sufficiently fast—0%d; (&) /0E?
large— (both required in Proposition 5), we obtain V! .= > 0. O

A.3 Country n

V(En) = [gO(eO(p(Ea 0))) +p(570)[én - eO(p(gv 0)) - En]] + dn(g)
FI(k(E, a,en))[—go(eo(p(€,0))) — p(€,0)[en — eo(p(£,0)) — €]

+go(eo(p(€,n —1))) +p(€,n —1)[en —eo(p(&,n — 1)) — [1 — afen]], (25)
with
[pl‘é(gv 0 €n — eo(p(g, 0)) - en] - p(g, O)] + dlS
+H/ kke (€, a)[—g ( 0(p(€,0))) = p(€,0)[en — eo(p(£,0)) — €]
+g0(eo(p(€,n—1))) +p(€,n—1)[en —eo(p(€,n — 1)) — [1 — ae]]

+H(k(‘€7 «, En))[_pé‘(gv 0)[én - €O(p(g> O)) - en] +p(5a 0)
+pe(En—1en —eop(En—1)) = [1—alea] = [L —alp(;n—1)]  (26)
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and

VD o= (Wgkpke (€, ) + IEE (€, @)
[—90(eo(p(£,0))) —p(€, 0)[6n—6o(p(570)) — €
+go(eo(p(€,n—1))) +p(€,n —1)[en —eo(p(€,n — 1)) — [1 — afen]]
HIkg (€, a)[p(€,n — L)en]
ko [P (€, 0)[en — eo(p(€,0)) — en] + p(E,0)
+pe(€n = Den —eo(p(€,n—1)) = [1 = alen] = [1 — a]p(&,n — 1)]
HI(E(E, o, €n))[pE(E,n — D)en + p(E,n — 1)]. (27)

As stated in footnote 14, we neglegt possible additional strategic effects that would lead

to differences between ki and k[ , among others.
A.4 Comparison Between True and Approximated II

Derivation 77 and discussion of I17

We are interested in the probability of R&D firm ¢ obtaining the patent, given that
R&D firm ¢ is active and that there is a total of k active firms. Let P denote the
patent-holder, A the set of active R&D firms, S C A the set of successful R&D firms,
and IP’;? [i = P] = #T the probability that R&D firm i will obtain the patent, given that

R&D firm i is active and there is a total of k active firms. Also let m denote m = j — 1.

26



Pili = Pl = Pili=Plic S]- P{li € S|+ P{[i = Pli ¢ S]=o - P{[i ¢ S

=T

= 7P = Pli € ]
k—1
=Y Pili = PlIS\{i}ies| = m]- P{[IS\{i}| = m + 1]

:ﬂ.m[liﬂ.}g:l—m(kfl)

— 1
1 m
k-1
1 k—1 m k—1—
- - 1— m
Wzm+1< . )7‘( [1— 7]

m=0
IR R A k—1—j+1
‘”;j<j—1>” oo
& kl(k—1 b =1k .
_;j<j—1>ﬂ-][1_ﬂ ]—;k<j>7r][1—7r] J
- %P(Bm(k,w) > 1) = L1 — P(Bin(k, 1) = 0)] = ~[1 — [1 — "]

and ]P’gl [i = Pli ¢ S] =0, as an R&D firm cannot be a patent-holder without success.

If £ R&D firms are active, the overall probability that the new technology will be dis-

covered is given by
nh(k)y=1-[1-x)" (28)

The probability that all k firms will not be successful is [1 — 7]¥, thus the probability
that at least one firm will be successful is 1 — [1 — 7]*. If only one R&D firm is active,
II=mr.

Approximation and comparison

Table 3 compares the true probability to the approximation. The plots in Figure 2 com-
pare 71 and 74 for different values of k and 7. Table 3 shows that the true probability
and the approximation have the same qualitative properties. Taking the scaling of the
axis into account, Figure 2 shows that the differences between the two functions are
small. Especially when it comes to second-order derivatives the small deviation from the

true value is a low price to pay for gaining a lot in terms of tractability.

57



x 10

0.05 ‘ ‘ 10 =
#7 m =0.00001
0.04 #T 7 =0.001
. T r o1 9.995
B ) N RERRRRE 7 1 =0.00001
= 0.02 Ny #r=0001 (' 99 )
Ry 7 =0.1
001 = L——= ]
T | 9985 #T. 1 =0.00001 |
O% “““““ 7’{_14’7.[.:0000()1 )
0 50 100 150 200 0 50 100 150 200
k k
0.1
T r=0.1
0084 | Y
10 :
= 0.06
e
o 0.04
0.02
8 ‘ ‘ ‘ 0 ‘ ‘ ‘
0 50 100 150 200 0 50 100 150 200
k k
-3
10
5? 0.5
4f | k04
3 ] 0.3
1S
2 ] 0.2
1 7Tk =200 | 0.1 7l k=2
------- 74,k = 200 o g =2
0 0
0 0.5 1 0 0.5 1
Tt Tt

o8

Figure 2: Comparison of true probability 77 and approximated probability 74 for
different values of k and 7.



Table 3: Comparison of probabilities.

True Approximation
7(k,m) il =l =1 —a]"] = i
T1(k) k)" =1-[1—nl* 4 = k74
I, LY = {1~ m]* log[1 — 7] > 0 H#WW
I}, 7 = —(1 - m)* loglL - 7]2 < 0 4 = =R <o
7=k 7T . log[l — 1] < 0 2% = wragiey <0

k //
K, K=~ et >0 g = talanlBnt 5
R e e e
m—1T nf(€,a,en)+tap(E,n x

In the following, we show that results for &, and k% from Propositions 1 and 2 also hold

under 7. If we take II”, we cannot solve for k in zero-profit Condition (9)
1
E[l — [1—7T]k][nf(5,a, €n) +p(E,n)al] —x =0, (29)

but this equation still defines a unique k& under fairly mild conditions. When

x

nf(€, a,e,) +p(€,n)a&

€ (0, 7]

and 7 € [0, 1), there exists a unique k that solves Equation (29). The reason is as follows:
For k=1, II” = 7 and

ot -1 1
ok 2 (1—[1—mn] ]+E[—[1—7r]’“10g[1—7r]]
[1 —7]*[1 —log[[1 — 7]¥]] — 1

- k2 < 07

s [1 — @]*[1 — log[[1 — #]¥]] < 1 because of the following relationships:

1 1
Vz e (0,1],e o <er 1 —|—log[;] < log[e%] — 1 —log[z] <

S

and
vz € (0,1],

Figure 3 illustrates the relationship. It is strictly decreasing for k > 0.

Using the implicit function theorem, we can derive &, and k.
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Figure 3: Illustration of 77 for 7 = 0.1.

W I nfa(€,a,e,) +p(€,n)E 50
° = T T F(E @ e + ap(E.n)E
I nfi(€, o en) 4+ ape(E,n)E + p(€,n)]

T nf(€,a,en) + ap(€,n)€ ’

with
kI, — 11 = —k(1 —m)Flog[l — 7] = 14 [1— 7] = [1 = a]*[log[[1 — 7] ¥]+1-[1—x]7*] < 0,

as log[z] +1 < z for > 1, and [1 — 7]* > 1. The calculations show that the results for
k;, and k; are determined by the same expressions as in the Propositions 1 and 2. The
results with both probabilities are identical in the sense that the signs of the effects are

the same. The magnitudes of the effects may differ.

Results derived in Section 6 are also qualitatively the same for IT7 and IT4, as the results

for k,, ki, IL, IT;, and II}, are qualitatively the same for IT7 and II* (see Table 3).
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A.5 Example I: Quadratic Abatement Costs

A.5.1 The set-up

In this section we illustrate the results with an example. We assume that the abatement

cost functions take quadratic forms, i.e. we set

b b
go(e) = 706? and  ga(e;) = EA%

with ba,bo > 0, and ba < bo. Then, g;,(e;) = boe; and ¢/s(e;) = bae;.

Equations (2) and (3) become

p(€,1) =boeo = baea,

eo(p(&,1)) = UG and ea(p(€,l) = p(é‘,l).
bo bA

A market equilibrium on the permit market implies that supply equals demand, as

denoted in Equation (5):

- D p E-¢& babolE — €]
E=F—-Il——-|n—-Il]l—&p= = .
ba [ ]bo p é—k% lb()—l-bA[n—l]

The permit price p(€,1) in the market equilibrium depends on £ and [.

For [ = 0, we have

bolE — &
p(€,0) = ol ],
n
and for [ = n,
p(g,n) = AE—E
n
Furthermore,
E-¢&
ea(p(€,n)) = —— = eo(p(£,0)).

In both scenarios, emissions are the same. Once the global emissions limit is set and
because all production firms use the same technology, the amount each production firm

abates will be the same in both scenarios.
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A.5.2 The value of the fee and the number of active R&D firms

The fee is
Be 1% b=t
n—>4 4 _ n—24 =
Rl I el EE T e
2 bo ba —|—% bo
ba {E—gr balE — € [ E-¢
- = — én — [1 — ale, —
2 n n n
e
b ot E-£
:[O—bo] A_20 | (6, — [1 — afen]
2 bo T T
bA E_'—E_2 bA[E_g}—
‘[a‘bAH wo | T o e elal
El_€1 ? = 2
_|bo Ta oo ba E-£
][]
_ ) 1 ba
+ [E = €]len — [1 — alen] (5= - —)
Tt
R B )
__bo | Tt ba [E-€E
2 bo 2 n
— _ nbabo babon — babo + b124
+[E —€&lle, — [1 — ale, —
5 Ellen — 1ol A
_ bo [ babolE—£] 11* ba[E-E£)
2 bo(n—1)+bAbo 2 n
= _ bo —ba
E — &lle, — [1 — ale,]b
+ (B = Elen —[1 - len] Anlboln — 1] + ba]
E - &2 2
EEP[ T b Pk
2 bo(n — 1)+ by n?
- _ bo — ba
E— n— |1 —aley]b
B = Ellen — 1~ alealba O
and the number of active R&D firms is
ghalE—¢]
k_nf+a - +1_l’
X ™

based on Equation (9). Hence, this shows Corollary 2.
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A.5.3 The signs of f¢, f¢,, fce, ke and K¢ ¢

In the following, we derive fz and f¢ , using quadratic abatement cost functions. For
the sake of clarity, we derive f¢  in functional forms before we derive fi. Based on

Equation (19),

fg@ :fn[p:‘)(gvn - 1) _plg(gvn)]'

Using
B babo|E — £]
p(g7n 1)_ bo[n*1]+b14’
—babo
/
)= A0
p5(€7n ) bo[n—1]+b,4’
balE — £]
1)) = A e
colp(&n=1) = 4 T o
gives
f,, . |:b,4 B babo :| _ . |:—nbAbo —l—bAbo(n— 1) +b?4
e boln—1]+ba " n[bo[n — 1] + ba]
balba — bol ]
—Cn < 07 32
e[m%m—u+m] (32)
and

CbaE-E  BbolE—¢]
n o n [bo[n — 1] + ba]?
- [plg(gan) _p:‘,‘(gvn = ]en —[1 - ale],
_ _ 1 boba fg,a _
‘"”“E_ﬂLﬂ_wdn—u+mP}+[%]k”‘“‘M%L

[bo[n — 1] + bA]2 — n2bobA:|
nQ[bo[n— 1] +bA]2

fe =

——bB -l

balbo — ba]

~ alboln —11 4 ba [én —[1 — aley] <O (33)
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with

[bo[n — 1] + ba]? — n2boba = b3 [n — 1]? + b4 + 2bo[n — 1]ba — nboba
= b3 [n — 1) + b4 — boba[n® + 2[1 — n]]
=b3[n — 1) + b4 — boba[[n — 12 + 1]]
= bo[n — 1]%[bo — ba] — ba[—ba + bo]

= [bo[n — 1]2 — bAHbO — bA] > 0,

because n > 2 in a multi-country world. This proves Corollary 3.

Also,
fhe = —pb(€m — VP04 pr(e om0
"o [n_—b%]b %i bal? " el "’Aﬁiﬁ ;i“i?[f z;f?]nt G
Based on (31), we can derive
PRI -
x

with k7 < 0 when €& > E/2, as f¢ < 0 for quadratic abatement costs (Corollary 3). This

proves Proposition 2, (iii).

From (10) we obtain

nfee—a2ba/n

ke e = .
A.5.4 The sign of 0f;/0l
Based on Equation (18),
dfi(l) _ babolE — E]bo — ba] [é, [ afe - bAlE — €] ]
o [lbg + ba[n —1]]? ‘ " lbg +baln — 1]
babo[E — E][bo — bl [é-—[l—a]e-— bo[E — &] ]
[l + 1]bo + ba[n — 1 — 1]]? ! ‘ [l 4 1]bg + ba[n — 1 — 1]
B _ é,-—[l—a]ei bA[E—g]
=babolE = E]lbo —bal [ b0 + baln — U1 lbo + bafn — IIJ?
" éi—[l—a]ei B bo[E—g] :|
[+ 1bo + baln — 1 — 112 [l + 1bo + bafn — 1 — 17|
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The expression is negative when

1 1
— + <0
[lbo + baln —1))2 * [[l + 1]bg + ba[n — 1 —1]]?
b b
and A - © <0.

[lbg +baln =13 [[l+1])bp + ba[n —1—1])3

The former is clear as lbg + ba[n — ] < [l + 1]bg + ba[n — | — 1]. For the latter, we need
. Define Z; = lbg + ba[n — 1 — 1]. Then

ba bo
[Botba =P < [IF1]bo+ban—I=1]]°

balbo + Z1]2 — bo[Z1 + ba)?
=ba[bd) + 3Z1b3 + 3bo ZE + Z3] — bo b3, + 3Z1b% + 3baZE + Z3)
=[ba — bo|Z3 + babo[bd + 3Z1bg — b4 — 3Z1b4]
[ba — b0]Z3 4 babol[bo + bal[bo — ba] + 3Z1[bo — ba]]
=[ba — bo|[Z} — babolbo + ba + 3Z1]].

Now define Zy = bp/ba.

[ba — Zoba|[b3[Zol + 1 — 1+ 1]3 — bgZoba[Zobg + ba + 3ba[Zol +n — 1 +1]]]
=b4[1 = Zo] [[Zal + 1 — 1 +1]3 — Zo[Zy + 1 + 3[Zal +n — 1+ 1]]] .

<0 =73

The expression is negative if Z3 > 0. Figure 4 shows that z3 > 0 for plausible values of

n and Zy. This shows Corollary 1.
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Figure 4: Simulation of Z3 for different values of n and Z,.
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A.5.5 Proof of Proposition 6

Again based on Equation (23), we need to determine the signs of VE’:”Q and ng'; For

quadratic abatement costs, Equation (24) becomes

fea<0
" bA — bA[bA_bO}
V* = H — E—(‘:— 7 n
€irx N~ . n [ 6} Te n[[n—l]bo—FbA]
OV. 1nno. proo.
cost-change effect,Act
fi>0
’ _ o F—
LT | eubalbo — ballE ~ €] balB - €]
x n[bo[n — 1] + b4] n
I k7, >0
bo, E-& ba  E-€ E-&
Yo s ) - e - —[1—alei] + [bo — [1 — ajb £,
[n[e —F )= Do~ =S~ (1~ alel + [bo — [1 - alba) + fL(E, a)

marginal cost change, Ac..
2

!

+% [nfé(é’,a) fa%[QEfE]

marginal innovation, IT} ki <0

fL>0
enbA[bo—bAHE—g] &b [E—g]
nboln —1]+ba] 4 n
Acl,>0
H;e " ba n
—&-x[[n o ?[25 — F]
,, balE—€] _
£ -
+Z—nfa Al {nfé +a [bA[E e bA”]
X n n

innovation effect, [H’ k. oI KL,

kRe; a

‘]
[bAbo {En‘ér+ {bAEE} [éikEE

ey
(S}

-&_ E-¢
5 - —[1—ale] —bo - e — " —&al+ fl,

cost change, Ac;

with f, fi, fe, and f¢, from Section A.5.3.
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The signs of the components of VE*'; are discussed in the following:

1. The cost-change effect is positive because [E — & — ¢;] > 0 (i.e. Condition
(iv) in this proposition) and f¢ , is small because of small €, (i.e. Condition

(v) in this proposition) (see Equation (32)).

2. f/, > 0 from Section A.5.3 and II} from Table 3. The marginal cost change
is positive for large differences between the old and the advanced technology
(i.e. Condition (ii) in this proposition) and f¢ is relatively small, which is
arguably the case, as the part of f; that depends on the cost difference (see
Equation (33)) is weighted by e, — [1 — a]e,, which according to Lemma 4

is small.

3. The product of marginal innovation and Ac,, is positive. The effect is rela-
tively small, as €, is small (Conditions (v) in this proposition) and f¢ is also
small (see previous point). Multiplied by Ik, the overall effect is negative.

As the impact is relatively small, Ve*"a > 0.

4. For low probability = (Condition (i) in this proposition), the part of the in-
novation effect that is weighted by Z is relatively smaller than the other part
as Z =~ 0 (see Table 3). The innovation effect is negative. The cost change
is negative for large cost differences (Condition (ii) in this proposition). The

product of both effects is positive.

We now examine the conditions under which V> 0. Quadratic abatement costs

lead to pg ¢(€,1) = 0. Then Expression (21) becomes

1" / an(p(“:vO)) / anl(“:) 17 /
v =ri(e0) |-l e o) - o] + TRE amgad,
0 E
(€, |- 2ABED) e ) o1

ﬂm&my@@%?m%@m—4+ﬂaammJ

+ [ (ke ) + IT, kg ] Ac. (36)
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Using %ﬁf’"))p’g(éf, n) = %}f’o))p’g(é’, 0) = —1/n and re-arranging yields

xqqzu—mmwﬂﬂ%—ﬂ+Hmwm>ﬁ—2u—ﬂl

-~

>0 for a<%
+02d,~(€)
0E?
—
>0
o[- ey
bo ba
=0
+2H;€k'gAc;,
<0
+ [Ty [k,g]2+ I, keel Ac,. (37)
kel T R e el o
<0 >0 <0

Overall, as the expression in the second-to-last line is negative, the impact of the
second derivative of damages has to be sufficiently large (Condition (iii) in this

proposition) to have V” > 0.

A.6 Example II: Linear Abatement Costs
A.6.1 The set-up

We assume linear abatement costs, go(e;) = boe; and ga(e;) = bae; with bo > ba,
and a non-linear damage function. Marginal abatement costs are constant, g, = bo
and ¢’y = by. Linear abatement costs are a polar case and can be dealt with by

explicit calculations.?!

With linear abatement costs, f = 0. The reason is as
follows: Cost minimization implies that the marginal abatement cost equals the
permit price. Only one technology will be used at a time. Suppose that some firms
have switched to the advanced technology—so p = by—and that f is positive.

Then a production firm is better off using the old technology, buying permits at

21The assumption in the general case involves strict convexity of cost functions to ensure
interior solutions.
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prices p = by, and choosing e; = 0
(vielding costs co = bo0 + bale; — [1 — afe;] = bale; — [1 — ale))
than by paying the fee and abating with the new technology
(vielding costs ca + f = bae; +bale; —e; — [1 — ale;| + f = bale; — [1 — ae] + f).

Hence, all production firms will only switch to the advanced technology if f = 0.

R&D firms anticipate this and will not become active.

With a Tech Treaty, a patent-holder receives revenues, but only from the Tech
Treaty. Accordingly,
b 1
k=% 11— -,
x s

based on Equation (9). This proves Proposition 3.

Two further remarks are in order. First, the Tech Treaty leads to a unique equilib-
rium with respect to the adoption of the advanced technology. Second, for o > 0,
it generates some trade on the emissions permit market and a positive permit price
that equals marginal abatement costs. Without the Tech Treaty and with linear
abatement costs, no trade in emissions permits will take place. With a share of the
permits given to the international agency, there are permits supplied to the mar-
ket. In equilibrium, the permit price equals marginal abatement costs, so permits

are bought by production firms.
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A.6.2 Proof of Proposition 7

Proof of Proposition 7.

For linear abatement costs, Equation (24) reduces to??

Ve*l:x =II(k(E, o, €,)) p(&;n)
’ —— ~——

ov. inno. prob. cost-change effect, Act,

1L 1L
+ =€ n)E] p(€,0) —[1 —alp(€,n)]+  —Flap(€,n)]  [ap(€,n)]
— —— T

[e3

VvV
marginal cost change, AcL.
7

+ H?;“[p(é’, n) + ZMOJP(E;, n)]

(.

1, kL, >0 marginal innovation, IT} k

'

innovation effect, (II} k ,+1IT}/, ki kL)
[ga(ea(p(€,n))) = go(eo(p(€,0))) +p(€,n)[ei — ea(p(€,n)) — [1 — alei]
PEOE ~ coloEm) — ] (3%)

cost change, Ac;

Re-arranging and plugging in functional forms? leads to

12 H/
‘@@:mmam%»m+;%4ﬂ%—u—aw4+mﬁ4
- ,
I baE
+=E g+ Z2Zaba)[bale; — [1 — ale] — bole; — €] (39)
X x -
<

For large research costs 2 (Condition (i) in this proposition), V', = II(k(E, o, €,))ba >

Q
0.
For a =~ 0 (Condition (ii) in this proposition), the expression reduces to

!/

" H
‘/e*oz - HbA + ?kbA[bO - bAHg — €; + Ei].

iy

For e < &; 4+ ¢,—which is fulfilled when n is not too small—and « close enough to
0, V', > 0. O

*2For linear abatement costs, g” = 0 and pi = 0 and f = f¢ = f/, = f¢ , = 0.

23p(g70) = bO> p(gvn) = bAa go(ei) = bOei and gA(ei) = bAei-
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A.6.3 Proof of Proposition 8

Proof of Proposition 8.
We now additionally assume a quadratic damage function and II = wk. Then the

decision problem of the local planner becomes

V¥(a,€ ,€;) =minV(e;), with

€

V(&) = [go(eo(p(€,0))) + p(&,0)[e: — eo(p(€,0)) — €]

(. /
-

cost=c

+ Th(E, @, €n) [9a(ea(p(€,n))) + p(€,n)[e: — ea(p(€,n)) — [1 - alel]
———

Ov. Inno. Prob.

=~ Loo(co(P(€.0) + (€. 0)fes — colp(E.0) ~ ]+ d(€)

cost reduction=Ac local damages

Plugging in functional forms?* leads to

V&) = [boles — &) + 7 {5,47045 +1-— %} [balé; — [1 — ale;] — bole; — &]] + %52

N /
-~

k

and the first order condition is

V(&) = —bo + 7rbA7a[bA[éi —[1 — a]&] — bole; — €]

i

+7T{bz47a5+1—%:| [—[1—a]bA+bO]—|—51'5:O.

Assuming identical countries, £ = ne, we can solve for €

bo — 7TbATa[bA - bo]é—l— [1 — 7T] [bo — [1 — Cl/}bA]
N 7242 by — [1 — abal[n + 1] + on

Then,

Oe  [™4%[bo — [1 — afbal[n + 1] 4 6n] [—24elba — bo] + [1 — 7]ba]

9o (w242 (b — [1 — albaln + 1] + 6n]°

[bo — 4% (b — bole + [1 — 7] [bo — [1 — aba]] [[1 + n]™4[bo — [1 — a]ba + aba]]

(7242 b, — [1 — alballn + 1] + 6n]”

24p(g70) = b07 p(gvn) = bAa gO(ei) = bOei and gA(ei) = bAei
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The denominator is positive, so that the sign of de/da depends only on the nom-
inator. Define B := % and C' := bp — [1 — a]bs. Then the nominator can be

re-arranged to

[bo — ba][onBeé — bo[1 + n|B — [1 — 71]C[1 + n|B]
+ba[on[l — 7] — 2bo[1l 4+ n|Ba — a1l — 7|C[1 + n|B]
—a’?B[bo — bale[1 +n|Bby.

The expression is negative for large by — b4 (i.e. Condition (ii) in this proposition).

Large by — b also implies large C'.

]
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A.7 Overview Notations

Table 4: List of Notation.

Symbol  Description

n number of countries

i, ] country index

m index production firms using old technology

q index production firms using advanced technology

l number of production firms licensing the new technology

k number of active R&D firms

€ abated emissions of production firm 4

eo(p) emissions abated using the old technology

ea(p) emissions abated using the advanced technology

€; baseline emissions of production firm

E sum of baseline emissions over all production firms

x innovation efforts / research costs

go(e;)  abatement costs, old technology

gal(e;) abatement costs, advanced technology

bo coeflicient abatement costs, old technology

ba coefficient abatement costs, advanced technology

f license fee to use ga

fi(D) production firm 4’s willingness to pay to use g4 given
[ other production firms already using it

E total emissions

€ permits issued in country

E global emissions limit

TT Tech Treaty

« Tech Treaty’s share, i.e share of permits allocated to international agency

d;(E) damages in country i because of total emissions

0; coefficient damages in country 4

T probability of a successful innovation per firm

TI(k) overall probability of detection of the advanced technology given
k R&D firms are active

P permit price

13 elasticity of the permit price with respect to emissions permits

C; cost when no advanced technology is discovered

Ac; cost change when advanced technology is discovered compared to no discovery
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