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Abstract

Suggestions on international cooperation in climate gddeyond 2012 include substituting or
complementing international environmental agreemeiit)with technology oriented agree-
ments (TOA). We look at the impact of TOA on environmental pe@tion in a framework of
coalition stability. Using a numerical model, we analyze tliferences of several TOA and
how they interact. We find that participation in and envir@mtal éfectiveness of the IEA are
raised less fectively when the TOA focuses on research cooperation iigatibn technology
rather than cooperation on augmenting productivity in ttieape good sector. This is due to the
former having an #ect on all actors via emissions, whered&ets of the latter are exclusive
to research partners. For the same reason, we find thattegtriesearch cooperation to the
coalition is only credible when it focuses on productivitgchnology standards that reduce the
emission intensity of production are unlikely to raise w#pation by themselves and mayfier
from inefficiencies. However, these disadvantages do not apply whedastds are implemented
as a complementary instrument. Separately negotiatedaéady standards may hence facilitate
participation in an IEA without adding to its complexity.

Keywords: Coalition Formation, International Environmental Agresnts, Issue Linking,
Non-cooperative Game Theory, R&D Spillovers, Technolotgn8ards

1. Introduction

Achieving full cooperation in a self-enforcing internatad environmental agreement (IEA)
is difficult when the underlying game presents the actors with thewfimg dilemma: while
global cooperation is socially optimal, it is often better & number of players to act as free-
riders, i.e. enjoying the benefits of other players’ abatgnafforts without reducing their own
emissions. Consequently, it is a standard result in nopeaitive game theoretic models that
voluntary participation in environmental cooperationreddends to be low (see for example
Carraro and Siniscalco, 1992, and Barrett, 1994, or the mement Finus et al., 2006).
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By introducing additional incentives, the structure of ¢faene may be changed making coop-
eration easier to achieve. Barrett and Stavins (2003) oetzgthese incentives into three groups:
First, positive incentives which aim to encourage partitigm by means of side payments, permit
allocation, and issue linking. Second, negative incentsugch as reciprocal measures, financial
penalties, and trade restrictions, which attempt to dets-fiding by threatening some sort of
punishment. Third, Barrett and Stavins name treaty mesh@ias a means to set strategic
incentives. Examples are the proposal by Schelling (1998}duntries to pledge emission re-
ductions on a voluntary and unenforced basis, and the s@sdatting approach suggested by
Barrett (2003). In this paper, we focus on issue linking c#ffimlly linking environmental coop-
eration to technology oriented agreements (TOA). In paldic we explore TOA that implement
research cooperation associated with technology spitownd international technology stan-
dards reducing the emission intensity of production. Weirdisish two alternative areas of
research cooperation: research on mitigation technologyrasearch augmenting the produc-
tivity of the technology in the private good sector. The gsil is carried out using a numerical
model with nine symmetric regions. The following sectionsaduce the key concepts — issue
linking, spillovers, technology standards, and coalifiemmation — along the relevant literature.

1.1. IssueLinking

The unfavorable incentive structure in climate changegaiion is due to the public good
character of a stable climate. Enjoying a stable climateoisnival, and there are no means of
excluding anybody from doing so, hence the possibility ézfride.

Issue linking attempts to improve the incentive structyrériking the provision of the public
good to an exclusive access to a club good (Carraro, 1999)n\tleeattractiveness of the club
good outweighs the incentive to free-ride, the dilemma &rcome. Possible candidates for such
club goods are technology oriented agreements. De Conirek @007) provide an overview
of TOA stressing the potential role of TOA in addressing treefriding incentives in climate
protection negotiations.

In particular agreements on cooperation on R&D, which fogtehnology spillovers among
research partners, have these qualities of a club goodr{wainy and excludability). Previous
issue linking modeling studies have analyzed the potenfiapillovers to raise participation
in international cooperation. Here, the key assumptiorhét tesearch partners are privy to
spillovers that do not extend to others. We will adopt thisuasption in our modeling (see Sec-
tion 2.2). In these studies, cooperative research and af@vent creates spillovers concerning
production costs (Carraro and Siniscalco, 1997; BotteonCarraro, 1998), profit (Katsoulacos,
1997), energy ficiency (Kemfert, 2004), productivity and emission intéynsimultaneously
(Buchner and Carraro, 2006), and marginal abatement ddatsaShima and Dellink, 2008).

1.2. Potential of spillovers

Research and development is known to have spillovers. o (1992), for example, re-
views a number of empirical studies which estimate socidl @nivate rates of return to R&D.
Griliches concludes, “R&D spillovers are present, theigmitude may be quite large, and social
rates of return remain significantly above private rates.”

Research partnerships may facilitate these spilloversrerare numerous reasons for coop-
erative research, ranging from costs minimization to sgiatconsiderations. In particular, the
list of reasons includes internalizing spillovers, e.grieng from partners, transfer of technol-
ogy and technical knowledge, and increasifiiceency and synergies through network, as well
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as exploiting the non-rivalry of knowledge, e.g. by shaft&D costs (Hagedoorn et al., 2000).
Of course, raising the spillover intensity is not a policgtinment at the disposal of governments.
But by encouraging research partnerships spillovers nigliostered indirectly.

Existing governmental policies aimed at encouraging craipe R&D focus on provid-
ing legal frameworks as well as financial support, notewottle EU Framework Programmes
on Research and Technological Development (FWP). Aimeddaisiny as well as universities
and research laboratories, the FWRenfinancial support of up to 50 percent of the total joint
research costs but require the research partnership tadimchembers from at least two EU
countries (Hagedoorn et al., 2000), i.e. the FWP are a prirample of boosting international
research cooperation.

1.3. Potential of international standards

Setting international technology standards has been stegj@s a substitute as well as a
complement to international climate agreements, for exarbp requiring all new electricity
power plants to be equipped with carbon capture and stoEadfagnds and Wise, 1999). More
generally, Scott Barrett®chnology centered approach combines technological R&D with inter-
national technology standards (Barrett, 2003, Ch. 15)reBaargues that technology standards
are attractive because a broad adoption of technology atdsids more likely than a broad par-
ticipation in a Kyoto-style climate agreement due to thdipalar strategic incentives. Indeed,
the literature on technology standards lists a number coreathat would spur the adoption of
such standards (see for example Farrell and Saloner, 198/4¢d @nd Greenstein, 1990; Bar-
rett, 2003). Among these reasons are: first, network exfgesai.e. the higher the number of
adopters, the larger the benefits for additional adoptehsés positive feedback makes a broad
adoption likely once a threshold ‘minimum participatiorashbeen reached. Second, when a
broad adoption is anticipated, fear of lock-in in non-coiapi technologies will further encour-
age adoption. Third, standards help to reduce costs wherstes of scale can be exploited.

Whether these incentivesfiige to provide &ective environmental protection has been chal-
lenged (Philibert, 2004; de Coninck et al., 2007), questignvhether the favorable incentives
cited by Barrett would indeed arise in case of technologpdaads aimed at reducing carbon
emissions. Resolving theseffdirences is beyond the scope of this paper, where we will focus
on the dfect of widely implemented technology standards on intéonat cooperation. Thus for
our analysis we will adopt Barrett’s point of view assumihgtta wide adoption of technology
standards was fostered by the underlying incentive streciie. we will assume that interna-
tional technology standards have been adopted globallyateasons that are exogenous to the
model.

When technology standards are set as part of climate charig@tiain policies, their aim is
to reduce greenhouse gas emissions. This can be achievawmlgnienting a broad set of tech-
nology standards covering a wide range of the sectors &G emission. For examples,
there is a large potential to reduce emissions from the Gbitk@nsport sector, the residential
sector, and the iron and steel sector by implementing fush@my standards for automobiles,
promoting energy4&ciency standards for household electrical appliances,usimty the best
available technologies for iron and steel production, eetipely (Sugiyama et al., 2006). Nat-
urally, such technology standards would reduce the enmssiensity of the Chinese economy,
given that the produced goods and services are not substitiitough other non-standardized
sectors. However, assuming an economy-wide applicatistaofdards and a general comple-
mentarity of sector outputs the above assertion certaillysh The adoption of standards on the
technology level and the emission intensity of the econoraytlzerefore closely linked. We will
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make use of this when we model the macro-econorfieces of technology standards, namely
their impact on emission intensity rather than actual stasglon the technology level.

1.4. Coalition formation

The formal analysis of self-enforcing international ennimental agreements in non-cooperative
game theory was pioneered by Barrett (1991a,b) and Carrat@miscalco (1992, 1993), and
has recently been surveyed by Finus (2008). The incentiissoé linking, which is the focus of
this paper, has been studied using both, conceptual andieaflyicalibrated models.

The first conceptual study of issue linking in a climate clergdated context was Carraro and
Siniscalco (1995), extended in Carraro and Siniscalcoq),98ho investigate linkage of envi-
ronmental cooperation to cooperation on R&D in a staticetstage game showing that linkage
indeed furthers participation. Spillovers are introdubetiveen nation states or regions which
are also the only entities taking decisions. Most of thebcated numerical models discussed
below follow this setting. They generally do not considerondontrols spillovers, and what the
consequences are when spillovers are not or only partlynalized. Katsoulacos (1997) and
Golombek and Hoel (2008) consider these points in analytimalels albeit abstracting from
coalition formation.

In particular, Katsoulacos (1997) questions the approddtawing one entity decide upon
both, environmental and technological cooperation, aigjuihat the decision to cooperate on
technological R&D is taken by firms, not governments. Consetly, his model distinguishes
firms deciding on spillover levels and governments decidimgR&D subsidies aimed at encour-
aging spillovers. The analysis is restricted to two co@strivhich can be shown to enter joint
cooperation on R&D and environment if the gains from sulesidire large enough.

In Golombek and Hoel (2008), emission policy is modeled bsuasing an international
agreement that specifies country specific optimum emissimtag but does so ignoring the
spillover externality. The resulting second-best quotasnaore stringent than is first-best. The
surprising result is that allowing international permide in this second-best situation will be
welfare decreasing: the more stringent permit allocatiodace some of the lacking R&D in-
vestments in a country specific way. Permit trade interfeuiéis this incentive. This analysis is
extended in Golombek and Hoel (2009), which explores thseguences of setting a technol-
ogy policy (modeled as an R&D subsidy) as well as a mitigagiolicy (modeled by assuming
an international agreements that establishes a carbonTaey show that if the carbon tax is
not at its socially optimal (Pigouvian) level then the setttrest R&D subsidy may exceed its
first-best level.

The stylized models discussed above agree that issue dinkith spillovers has positive
effects on participation in the IEA. It is beyond the scope okéhmodels to assess the extent
of spillovers necessary to induce high levels of partiégrat A number of numerical models
calibrated to empirical data have been applied to the issuprinciple, these models ought to
allow a quantification of spilloverfeects. But in these models, the extent of the posititeot on
participation varies, ranging from complete success ihilitang full cooperation (Botteon and
Carraro, 1998; Kemfert, 2004), to merely marginal increasiethe coalition size (Nagashima
and Dellink, 2008). These modelsfidir in a great number of ways and it is unclear which
modeling assumptions give rise to thesffatences in model results.

The analysis in Botteon and Carraro (1998) extends theeeavtirk by Carraro and Sinis-
calco (1997) by adding heterogeneity based on empirical ethis model. While this renders
the model analytically intractable, they confirm their garfindings numerically: participation
in the IEA rises with spillover intensity including full cperation of five out of five players.
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Kemfert (2004) uses a yet broader data basis: the articledmf&rt explores theftects of
issue linking in a CGE model calibrated to the GTAP databsdteDpugall et al., 1998). The
scenarios include cooperation on enerdfyceency R&D as well as trade barriers against non-
cooperating countries. In this model, introducing R&D cergiion has a strongfect on the
incentive to participate in an IEA. With R&D cooperation| falur of the negotiating countries
want to join the IEA, compared to none in the base case, ll&daperation is internally stabfe.

Nagashima and Dellink (2008) use the STACO model to explogedfects of technology
spillovers on the stability of coalitions. They focus onlkgwers in mitigation technology, and
model these through changes of the marginal abatementwost (They observe that spillovers
have a positive féect on the abatementfert, but the number of participating regions is only
increased by one beyond the default maximum participatf@ixoout of twelve regions. This
finding proves robust against a variation of the intensityspiflovers and the way spillovers
affect the marginal abatement costs curves, as well as theechbthe indicator for the state of
technology. Thus, the authors conclude that technolodipseis do not substantially increase
the success of IEA.

The positive ect of R&D cooperation on participation is also confirmed lcBner et al.
(2005) who apply a multi-actor optimal growth model to qisess of issue linkage. However,
the authors limit their analysis to a selected set of caaldj in particular the coalition of Kyoto
signatories plus the United States, to explore tfiece of linking on the incentives for the United
States in particular. There is therefore no assessmengb&hor maximum participation levels.
They note, however, that making R&D cooperation dependargnvironmental cooperation is
not credible, i.e. Kyoto signatories prefer to cooperat®&MD with the United States even if the
latter act non-cooperatively on emission abatement.

Most authors acknowledge that the intensity of spilloveran important determinant, but
given the state of the literature, it isflicult to provide a sound empirical basis for the choice
of spillover intensity. Variation of this key parameter,stgdied in Botteon and Carraro (1998)
and Nagashima and Dellink (2008), reveals the sensitiViitthis key assumption, yet the se-
lected values for spillover intensity cannot be comparedsscmodels. Furthermore, the sources
of spillovers difer between models. The implication of the kind of spilloveg. whether re-
lated to productivity as in Botteon and Carraro (1998), ¢atesl to mitigation technology as in
Nagashima and Dellink (2008) has not been studied.

1.5. Novelty

We go beyond existing studies by comparing spillovers ttiaedrom two diferent research
sectors, augmenting either productivity in producing thegte good or mitigation technology,
and show that theffectiveness of spillovers depends on the type of knowledgesitills over.
The reason is that, unlike in the case of productivity R&Dggress in mitigation technology
has an externalftect via its impact on emissions, making it easier to achiggé kevels of
cooperation by linking to productivity R&D. These results garticipation carry over to similar
conclusions about the impact of IEA on environmenfid&iveness and global welfare. In order
to increase the comparability of spillover intensity, weraate the gains from spillovers in terms
of additional consumption.

Furthermore, theféect of spillover from cooperative R&D has so far only beerestigated
in isolation from international technology standards. Véenplement spillovers by technol-
ogy standards and explore the interdependence of the tweelags the scope of technology

1Coalitions are internally stable when no member has an ineetdgileave. We define this formally below.
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standards to stabilize coalitions by themselves. We fintldbaperative R&D and technology
standards are mutually reinforcing in their positivEeet on international cooperation. By them-
selves, technology standards have almostffieceon participation in the IEA. The remainder
of this paper follows the usual three steps definition of tloeleh (Section 2), results (Section 3)
including some sensitivity analysis (Section 4), and coesions (Section 5).

2. TheMod€

We approach the assessment of coalition stability, rekeamoperation, and international
standards in a multi-actor optimal growth model, which isoemmon modeling framework for
the economy-climate stock pollutant problem in genergl. (dordhaus and Yang, 1996; Kypreos
and Bahn, 2003; Bosetti et al., 2006) and also in coalitiabity analyses (e.g. Eyckmans and
Tulkens, 2003; Buchner and Carraro, 2006). In particuiés,appropriate for the long economic
time horizon required for an integrated assessment of gleaeming (Edenhofer et al., 2006).
Furthermore, intertemporal utility maximization of a repentative agent gives macroeconomic
models a firm micro-foundation and makes them suitable fdfaneanalysis (Turnovsky, 2000,

pp. 3).

2.1. Model Equations
Preferences

Within this framework, each regionis modeled following Ramsey (1928) as a maximizer
of its intertemporal welfar&\i. Here, we chose the utilitarian welfare function with artamsa-
neous utility functiorlJ, U’ > 0 andU” < 0, and per capita consumptiog/l;; as an indicator of
well-being. Parametegr denotes the pure rate of time preferenegijs the elasticity of marginal
utility, andl;; the size of the population.

W = fmlitU(Cit/ht) e’ dt (1)
0
(Ce/li)t"
— 7  if 1
U(cit/lit) = 1-n e )

log(cit/lie) ifn=1

Technology

Each region produces a single good using Cobb-Douglas aémwyF from capitalk;; and
exogenously given labor supplly, which is subject to labor enhancing technological chamge ~
Parameteg is the income share of capital.

F@Edink) = @Guli)™ K] ®)

Capital is made up from past investments,. New ideas that contribute to labor productivity
ait in countryi are a function of the funds invested in R&[2;;. Parameterd < 1 and® > 0
describe fects of researchers “stepping on tows” and “standing onldbos)” respectively.
Parametek, is a scaling parameter. This knowledge production funcigoproposed in an
empirical study by Jones and Williams (1998) and has beeliegpip integrated assessment in
Edenhofer et al. (2005, 2006).
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d .

akit = N (4)
d .
G = a(ia) (an)® (5)
Labor productivitya; encompasses the accumulated knowledge of radiay) as well as even-
tual spillovers from other regions. In the base case we asswrspillovers between regions
and simply set;; = a;. When R&D spillovers are modeled, we use a weighted aggregate
labor productivity in all regions. This approach is alsodigethe empirical literature on R&D
spillovers, for example in Griliches (1992).

& o= ) .&ay (6)
j
Griliches (1992) interpretsf‘j as the “economic and technological distance” betwieand j

where large values of; indicate “closeness”. We always gt= 1, and in the base casﬁ =0
fori # j. Values ofaf‘j > 0 indicate spillovers and are discussed below.

Climate Dynamics

We model greenhouse gas emissienss a by-product of economic activity;( below in
Equation 15). Emission intensity of production decreagegenously at an annual ratexobut
may be additionally decreased by investing in a mitigatimelskmy;. Mitigation kmy; reduces
emission intensityr;; with diminishing dfectiveness described hy< 1.

e = ot expErvi)yic (7)
o = (L+kmy)” 8
%kmt = EmiMi 9)

Parametet,, determines theffectiveness of investmenitsy;. As before in the case of produc-
tivity, we allow for spillovers but set the spillover intdtySsi"j‘ to si”j‘ =0 (i # j) in the base case
andgl' = 1.

ke = > ek (10)
j
To account for the stock pollutant character of global wagnive include a stylized model
of the climate system (Petschel-Held et al., 1999). Parermef the climate system are defined

in Appendix Appendix A. The total stock of atmospheric gieaumse gasese; grows due to the
instantaneous emissions of all countries

d
ace[ = Zj:ejt (11)
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and is linked to the greenhouse gas concentratimg; according to

%conct = Bog +8° Z,: ejt — o (conc; — conco) (12)

The concentration, in turn, determines the change of glolealn temperaturtemp; by

%temp[ = ulog(conc,/concy) — o (temp, — tempo) (13)
For a detailed description of the climate equations and theiameters we refer to the original
publication.

Adapted from Nordhaus and Yang (1996), temperature chacajese climate change dam-
ages, destroying a fraction-1Q;; of economic output:

Qjt
Vit

1/(1 + dami; (tempy)%3™2) (14)
QitF (kit, li) (15)

The physical budget constraint closes the economy.

Vit = Cit + iNie + iay +imy (16)

2.2. Coalition Formation

Coalition formation is modeled as a two stage game. In thediegie, a membership game
is played, i.e. regions choose whether to become memberhemzkeforth act cooperatively
on emission abatement with the other coalition membersp gemain individual entities as
non-members acting non-cooperatively (Partial Agreemash Equilibrium, see Chander and
Tulkens, 1995). Inthe second stage, the emission gamaneonbers and the coalition (acting as
one player) determine their emissions indirectly by dexjain their consumption and investment
behavior.

Coalition Sability

Among all possible coalitions in a set of play&tswe considestable coalitions in the sense
of internal andexternal stability of d’Aspremont and Gabszewicz (1986). A coalitidhs N is
internally stable if no member has an incentive to leave traditton, and it is externally stable
if no non-member has an incentive to join. The coalition igstiself-enforced by economic
incentives.

R&D Cooperation and Issue Linking
When applied to the provision of a public good, the motivafimnissue linking is to fset
the incentive to free-ride on the non-excludable benefithefpublic good by the incentive to
gain access to an (excludable) club good (Perez, 2005). \Ofat dlois view for our paper by
identifying the coalition of regions dedicated to coopirabn emission reduction with a club
of regions that shares spillovers from R&D.
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Spillovers become elub good of the coalitionS via the spillover intensities;; in Equation 6
or Equation 10, which compute the weighted sums of proditgtand mitigation, respectively.
We set only spillover intensities;; for i, j € S to non-zero leveld. This restricts spillovers
to coalition members. In contrast, if spillovers of coopeeaR&D within the coalition are a
public good, spillovers extend to all regions, in which case we caregdori € S, j € N and
i # j to positive values. We use the public good case when we tedibility of the club good
assumption.

International Standards

As argued in the introduction, standards on the technolegs! exhibit incentives that foster
a broad adoption of such standards on their own right. Inghidy, we are interested in the
effects of an existing standard on participation and issuén@Kkrherefore, we assume that the
decision of adopting the standards has already taken plac#his decision is exogenous to our
model and applies to all playets.

We model the fect of international technology standards by requiringducgon of emis-
sion intensityoi; by a fractiond of the non-cooperative equilibrium intens'tt;?tlc.

or < (1-6)ofC (17)

Formally, this is the same as a performance standard (e.gtevig 2002, p28j. However,
as argued in the introduction, setting technology starglaimiing for climate change mitigation
is closely linked to reducing the emission intensity. Werdiiere model existing technology
standards by describing theiffect on the macro-economic emission intensity. The impdisit
sumption is that a broad adoption of technological starsaitied at low emissions technologies
will translate into lower emission intensity on the macomeomic level. While this is plausible,
it is clearly desirable to check this assumption in a modéh wie necessary technological detail
in the future.

2.3. Solving the Model

A solution to the two staged game of, first, membership, andrs# emissions, is solved nu-
merically by backward induction. In our case this meansisglall possible Partial Agreement
Nash Equilibria (Chander and Tulkens, 1995), where thebehaf the coalition is determined
in a joint maximization of welfare for all members, and noembers act selfishly, i.e. they
maximize individual welfare.

2This formulation of spillovers does not require the recipseto build up any absorptive capacity (for example
Kneller, 2005). However, in the context of symmetric playeesaan presume mutual R&D investments by all regions
that benefit from spillovers.

3Adoption of the international standards may be viewed asrd #iiage game of the coalition formation game taking
place before the membership game: Players meet to decide orojhigoscbf standards first, then, based on the (possibly
partial) standards agreement, go on to decide upon membenshi@ énvironmental agreement, and finally decide upon
emission strategies. In this setting, our assumption is Heabttcome of the first stage is adoption of standards by all
players. This is also a welcome reduction of the computatiboeden (i.e. we only explore two out of nine possible
outcomes of the first stage: full adoption and no adoptionlgat al

4The literature distinguishes technology standards (oipegent standards) from performance standard. The positive
effects of technology standards are often due to the abilithe$e standards to enforce compatibility. Performance
standards are technology-neutral. This characteridtkaily to increase their costfectiveness when applied to emission
reduction but they lack much of the positive incentives ofipanent standards (Barrett, 2003, Ch. 9).
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The Nash Equilibrium of non-members and the coalition (artis one player) is computed
by a fixed point iteration o = G(s), wheres = (s5) is the vector of strategies arl is the
mapping of the players best responses. Strategiesnsist of time paths for emissiosg, and
investments in productivitg; and mitigationkmy. We computeG by numerically solving the
following non-linear problems using GAMSONOPT (Brooke et al., 1988; Drud, 1994):

Vies max ) W,
ieS
subject to equations (1) to (16)
andej = &, kmy, = kmy, ajp = & for j ¢ S
Vigs  maxW
subject to equations (1) to (16)
andej; = &, kmy; = kmy, ajy = & for j # i

The notations = sdesignates that these variable are kept fixed at their prevavels (or, in
the first iteration, their initial values). This is the vergfohition of the Nash Equilibrium where
agents are maximizergiven the behavior of all other agents. The fixed values are updated in-
between steps of the iteration. We approximate the infiiribe horizon by running the model
for an equivalent of 250 years in 5 year steps. In terms of dyngame theory, this algorithm
computes an open-loop Nash Equilibrium.

The Nash Equilibrium determines the p&iymatrix of the second stage, the emission game.
The first stage, the membership game, is solved by checkangdhditions of stability for all
possible coalitions, i.e. we test any given coalit®for internal stability:

Wils > Wilg\) forie S

and external stability:

Wilg > Wilg,,;, forj¢s

3. Results

For our analyzes, we run the following experiments: To as#es impact of spillover in-
tensity and the stringency of standards on stable coakim® environmentalfectiveness, and
welfare, we systematically va#yas well ass? ande(T for i, j € S, with the coalitionS ranging
from the empty set to the set of all players (see Equation®6atd 17). For exploring the
credibility of threatening exclusive access to spillowers additionally need to varyi”‘j andgi"j‘
forie SandjeN.

3.1. Participation in Environmental Cooperation

The first experiment looks at théfect of spillovers on coalition formation. We plot the size
of the largest stable coalition (participation) foffdrent spillover intensities.
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Figure 1: Participation (size of the largest stable caaiitias a function of spillover intensity. Spillover intetysis
measured agduced consumption gain, i.e. the increase due to spillovers in discounted consamyitir the respective
coalition size, relative to the no-spillovers case (see rit). The values of spillover intensity parametefsand 2
are given next to the data points.

Cooperative R&D

To make spillovers of knowledge in mitigation technologyl gmoductivity comparable, we
useinduced consumption gains on thex-axis. Spillovers are manna from heaven compared to
an economy without spillovers, and the additional fayglue to the same parameter value of
the spillover intensity of productivity?, or mitigation technologys™, may vary. The induced
consumption gain is the additional consumption due to®mlis for the coalition under con-
sideration and thus a proxy for its intensity. Technicalg, take the dference of consumption
paths with and without spillovers, discounted using a 3 @etrcliscount rate. We convert to
percentages of discounted base case consumption. We prefersumption based metric to a
welfare metric to make the order of magnitude of the necgssgallovers easier to grasp.

In Figure 1 we observe the following: First, participatisdow in absence of spillovers. This
is in line with the literature and confirms that players irsthiodel are indeed facing a dilemma,
i.e. the incentive to free-ride is large enough for playeradt non-cooperatively. Second, for
both kinds of spillovers participation rises with spilleviatensity. Again, this is in line with
the literature. For high spillovers, full cooperation igpported. Third, participation rises more
rapidly in the case of productivity cooperation. This is ttese in terms of parameter values,
which are smaller by a couple of orders of magnitude, as veelireore importantly, in terms of
induced consumption gains.

To understand why productivity R&D is mordfective in raising participation, we take a
closer look at how spillovers raise participation, i.e atesincentives for larger stable coalitions.
In particular, we take a look at paffe received inside and outside a given coalition, i.e. the
inside payoff of a player within the coalition of siza versus theoutside payoff of the same
player should she abandon the coalition and instead faceth&ning coalition oh — 1 players
as a hon-member.

The left graph in Figure 2 shows pay®for introducing spillovers in productivity, the right
hand graph shows results of introducing spillovers in ratiign technology. Both figures show
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Figure 2: Pay#ff inside and outside of a given coalition. The figures compagétide payoff received by a member of
a coalition of sizen (on thex-axis) with theoutside payoff of a non-member free-riding on théfert of a coalition of
sizen— 1. An inside payff larger than an outside paffandicates a stable coalition. We show p&gdor the base case
without spillovers, and one exemplary case with spilloveasproductivity (left) and mitigation spillovers (right)lhe
corresponding data points for stable coalitions are ardRaydfs are given as percentage of th&elience between full
cooperation and no cooperation without any spillovers.

the case of no spillovers and one exemplary level of spittte illustrate the discussion; the
argument presented holds for all intensities of spillowenssidered in this study.

Without spillovers the payts both inside and outside any given coalition rise with tke sif
the coalition. Inside the coalition the paydses because the emission externality is increasingly
internalized. Outside the coalition, players free-ridetlb@ abatementfiort of the coalition,
which becomes increasingly more ambitious as participatiges and thus the benefit of free-
riding increases. The curves of inside pfiyeind outside payfs intersect before coalition size
3, marking a coalition of 2 as the largest stable coalition.

What changes when spillovers are introduced? Spilloverseatected to coalition members
only, therefore in case of productivity the outside p@ymrve remains unchanged. Member
paydfs increase with spillovers, thus shifting the inside gagorve upwards and tilting it to
the left because spilloverstact larger coalitions more strongly: there simply are mdeggrs
benefiting from them. Inféect, this moves the intersection of inside and outside fiayoves
to the right—participation increases.

Spillovers in mitigation technology shift and tilt the idsi paydt curve in the same way,
upwards and to the left. However, in contrast to the casearfymtivity, the outside paybcurve
is tilted counterclockwise, tod Whereas productivity of coalition members hardffeats non-
members, spillovers in mitigation technology lead to andased abatemenffert by reducing

5We do not observe an upward shift of the outside jfagorve the way the inside paffacurve is shifted. It simply
rotates around the fixed-point,@ because the outside pdof a coalition of 2 is simply the non-cooperative equi-
librium where there are no spillovers irrespective of thil@ger intensity parameter. In contrast, the fixed-pointlo#
tilting inside paydt curve is (10), which we observe as a tilting and shift upwards in the esofgcoalition from 2 to 9.
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Figure 3: Hfect of international standards. The left figure shows tfiece of standards on participation for selected
spillover intensities. The figures on the right shows tffeat of standards on the spillover-participation relatiops
analogous to Figure 1.

the abatement costs for coalition members. Reduced glohiak®ns, however, have affect
on all players: non-members, too, enjoy these additiongsion reductions in form of reduced
damages. Thus the positivéfect on the inside paybcurve is partially &set by the tilting
outside payff curve—participation is still increased, but leskeetively.

Technology Sandards

In the following experiments, we combine spillovers withrefards, i.e. we introduce stan-
dards in a world where simultaneously research cooperagiomplemented.

Figure 3 shows participation as a function of the stringesfdhe technology standard (left).
The stringency indicates the prescribed reduction of emission intengtgtive to emission
intensity in non-cooperative equilibrium (Equation 17)eclinology standards by themselves
(i.e. for&;; = 0) have very little impact, i.e. participation remains lofvslight increase by one
member a¥ = 0.2 andd = 0.3 is not sustained at larger valuesgdt Only in combination with
spillovers, standards raise participation substantidllgewise, the positive ffect of spillovers
on coalition size is strengthened by standards (FigureyBt)ri

Why do standards hardly change participation by themselatsthey do enlarge stable
coalitions when combined with spillovers? Again, we takeaklat payds inside and outside
the coalitions for mitigation spillovers and productivtgillovers (Figure 4).

Standards guarantee investment in abatement beyond #eoferon-cooperative equilib-
rium without standards. Hence, ambitious standards rediimate change damages and give
all players higher payts even in non-cooperative equilibrium or in presence of bctli-
tions. Compared to the case without standards in Figurey®fipa non-cooperative equilibrium
(outside pay#i for coalition size 2) is now lifted half way towards pdyéor fully cooperative
behavior (50 percent of the gap between no cooperation dintbfaperation).

Swithout standards, emission intensity is lower for coatittiembers compared to non-members. With increasing
standards stringency, non-members are forced to abate mageo@lition benefits to the extent that coalitions of three
instead of coalitions of two become stable. However, due)tthéasmall coalition size and (b) the absence of spillovers,
emission intensities within the coalition do noftdr much from emission intensities of nhon-members. Hence with
the stringency of standards increasing furthermore, th@sa somes a point where standards alfect the abatement
behavior of coalition members. This lowers the coalition aedfenough to destabilize the coalition of three. Stahility
larger coalitions, or coalitions in calculations with npero spillovers are notfiected in this way, because the emission
intensity within the coalition is lower to begin with and ieetrefore not fiected by standards.
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stable coalitions the corresponding data points are drétaydr is scaled to the gap between no cooperation (0 percent)
and full cooperation (100 percent) in the base model withpiliosers.

The distance between non-cooperative and fully cooperatilutions has therefore been de-
creased. In the absence of spillovéiieets, however, this does not facilitate more participation
since therelative position of inside and outside pa§@urves is not fiected, i.e. outside paffo
grows more rapidly with coalition size than the inside pymd soon (at coalition size 3) ex-
ceeds it. Spillovers make affirence because, as discussed above, they shift the cunads i
paydts upwards, thus delaying the interception of the two curvekteence increasing the size
of the largest stable coalition.

The argument holds for spillovers in mitigation technolagpywell as productivity. Again,
the latter is moreféective in raising participation because here the outsigefpa not afected
by spillovers.

3.2. Environmental Effectiveness and Welfare Effects

In the previous section we have seen under which circumssacmoperative R&D and tech-
nology standards may raise participation. This sectiorioegp the implications of increased
participation for environmentalfiectiveness and for global welfare. We begin the analysis by
turning to cooperative R&D.

Cooperative R&D

Figure 5 shows environmentaffectiveness relative to socially optimal emission levels in
absence of spillovers as the reference point (i.e. 100 ptrgéhereas emissions from non-
cooperative behavior are scaled to 0 percent). Environahefiectiveness increases with spill-
over intensity in a very similar way to participation (Figut), indicating that coalition size is a
major determinant and hence a good proxy for environmeffiattiveness in this model.
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Figure 5: Environmentalfectiveness of cooperative R&D. This figure shows environniesffactiveness for stable
coalitions, where zero percent is the emission level in atesefi spillovers and coalitions, and 100 percent describes
socially optimal emissions in an economy without spilloverpill®ver intensity is measured in consumption gain (see
Figure 1). We indicate the size of the respective stabletéwad next to the data points.

Note that environmentalfiectiveness exceeds 100 percent only in case of mitigatiin te
nology spillovers but not for spillovers of productivityh@ reason is that spillovers in mitigation
technology decrease abatement costs and therefore arcerasm®nment becomes socially op-
timal.

The impact of mitigation spillovers on environmentkeetiveness fisets some of the draw-
backs of mitigation spillovers in terms of participationigire 1 stressed that achieving full
cooperation required larger spillover intensities in caBenitigation technology. This is also
true for environmentalféectiveness. However, Figure 5 shows that tieedence in spillover in-
tensity to achieve 100 percent environmenfigeiveness is less than thefdrence in achieving
full cooperation. Still, productivity cooperation remaithe more ffective incentive.

Figure 6 shows the welfareffect of stable coalitions. Welfare is normalized to the non-
cooperative behavior (0 percent) and full cooperation {€@ent) in an economy without spill-
overs. Again, we find a similar picture to participation amyieonmental &ectiveness. Par-
ticipation, or the degree of cooperation, is also a strortgrdgnant of global welfare. Global
welfare exceeds 100 percent of welfare without spilloversbioth cases of R&D cooperation,
highlighting the fact that spillovers are manna from heavencompared to an economy without
spillovers they provide an additional free income.

Technology Standards

This section explores environmentélextiveness and welfare implications of imposing tech-
nology standards. When standards are stringent enough/ritght solve the environmental
dilemma by themselves irrespective of any cooperationeagests on environment or R&D.
We look at the ffectiveness and the welfare implications of standards asesaghe scope that
cooperative agreements have in this setting.

Figure 7 shows theffect of standards on emissions in Nash equilibrium and in ceseble
coalitions. When the stringency of the standard is increagerldfect on cumulative global
emissions is to bring them down towards their optimal level Aelow. As cumulative global
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Figure 6: Welfare fects of cooperative R&D. In this figure we show how global welfaf stable coalitions increases

with spillover intensity (measured in consumption gain, sigeife 1). Much of the fect is due to rising participation
(see Figure 1), hence we indicate coalition size next toglpective data points.

emissions approach their optimum levels, so does globdawee(Figure 7). However, welfare
stops short of its optimum level and begins to decline whenudative emissions reach the level
of optimum cumulative emissions. This is due the fact thattiming of emission intensity
reduction prescribed by the standards are not cst#@ve. It is the inficiency of standards
as a policy instrument manifesting in this figure. This disadage of command and control
instruments like standards compared to market or priceninaebased instruments is well known
(see e.g. Requate, 2005). Indeed any of the levels of cumeikahissions in the previous figure
could likely be reached at lower costs and higher globalavelif the timing of emission intensity
reduction was not prescribed but chosen optimally.

Cooperative agreements on environment and R&D can bridgegtip: Figure 3 includes
welfare levels for a number of coalitions that are stabléhatgiven standard stringency due to
including cooperative R&D (spillovers) in the agreementarfslards that fall short of enforcing
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Figure 7: Hfects of standards on cumulative emissions (left) and welfdght]. Stable coalitions are induced by
spillovers of mitigation technology, the spillover paramef8 is included next to the corresponding curves.
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Figure 8: Credibility of restricting spillovers to coabth members. We compute credibility as th&etience of coalition
members’ welfare with restricted spillovers minus the casepilffosers to all regions, hence positive values imply
credibility.

optimal emission levels and are fiieient to begin with, may still be sticient to induce full
cooperation in combination with some spillovers. We obséhat often the standards that were
necessary to stabilize full cooperation are exceeded dolleooperation—otherwise standards
would distort the optimal solution resulting in below-apél welfare levels.

3.3. Credibility of Exclusive R&D Cooperation

Restricting spillovers to coalition members is only créeliif coalition members are not
worse d@f compared to the case where knowledge is public, i.e. spitkare unrestricted. Hence
we investigate the credibility of exclusive R&D cooperatiny comparing it to a scenario where
R&D spillovers extend to all regions and not just coalitioambers. We continue to assume that
only coalition members participate in R&D cooperation, spillovers extend to non-members
but not vice versa.

Figure 8 shows whether restricting spillovers to the cimaliis beneficial to its members.
Values are plotted for dlierent stringencies of standards and only for stable coatiti In case
of productivity we find that threatening exclusiveness exddole for all stable coalitions, and all
unstable coalitions as well (not shown). There is no adgntar coalition members in boosting
productivity for non-members. Quite the contrary, the &ased productivity would entice non-
members to produce and pollute more.

Excluding non-members from spillovers of R&D in mitigatitechnology is almost always
a non-credible threat for stable coalitions (Figure 8, tighCoalition members benefit from
letting spillovers extend to non-members, because thiogpik add to non-member abatement
and further reduce the emission intensity and actual eomssdf the non-members. Coalition
members then benefit from reduced climate change damages.isTa crucial diference to
productivity spillovers that do not have this feedback ahtcoalition.

For both kinds of spillovers, credibility approaches zesodmall as well as for large coali-
tions and exhibits a maximum for medium coalition sizes.sTdgépends on the extent of spill-
overs to hon-members: the smaller coalitions are, the Idhenumber of players generating
spillovers. On the other end of the spectrum, the larger tiadition, the lower the number of
non-members receiving spillovers.
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ness of research cooperation by giving the lowest spillmtensity that induces full cooperation. Results for caagien

on productivity and mitigation are shown side by side for gaatameter; numbers above and below data points indicate
the low and high values used.

4. Sensitivity of Key Results

This section explores the sensitivity of key results towavdriation of input parameters.
Central results of the preceding sections are that TOA mstasufull cooperation depending on
the spillover intensity, and that linking to productivitgaperation is generally mordfective in
raising environmental cooperation than linking to coofieearesearch on mitigation.

We explore in how far these results continue to hold whenrpater values change by run-
ninghigh value andow value scenarios for key parameters. An assessment of glebsitivities,
i.e. a simultaneous variation of all parameters, would lefgpable because it accounts for the
fact that sensitivity of the results for variation of one qaeter will in general depend on all
other parameters. We stick with an exploration of local geitges to limit the computational
burden.

Figure 9 shows results from these low vahigh value calculations. Using full cooperation
as a reference point, Figure 9 reports the spillover intgmegcessary for the grand coalition
of all players to be stable. The first message from this figsirthat in all variations, either
full cooperation was sustained by raising spillover iniées or was even achieved at lower
spillover intensities. Thus, R&D cooperation proves to lmféciently strong incentive for all
parameter values in these variations. More importantlygiothe spillover intensities necessary
to achieve full cooperation via cooperative mitigationei@sh are always higher than in case of
the corresponding calculation featuring cooperation adpctivity. Hence, this finding is also
robust with respect to our parameter variations.

Table 1 summarizes our choice of high and low parameter salnd also reports the impact
of these parameter variations on more key results. Tfierdnce between cooperation on pro-
ductivity versus mitigation is measured by theffdrence in incentives” in columns 6-7, reported

18



6T

Parameter values Bi in Incentive  Env. BHect. Welfare Hect

Parameter Symbol Default Low High Low High Low High Low High
Pure rate of time preference P 0.01 0001 Q02 103 091 247 396 400 441
Elasticity of marginal utility n 1.0 05 20 0.96 092 257 403 405 442
Growth rate of labor supply orl 0.01 0005 Q02 061 162 271 418 426 402
Rate of decarbonization y 0.01 0005 Q02 100 061 473 145 406 416
Effectiveness of investments km &m 5.0 25 100 111 063 396 225 421 399
Effectiveness of investments én & 0.07 005 009 074 093 271 322 412 407
Stepping on toesfect A 0.15 01 02 0.79 091 287 313 403 413
Standing on shoulderdfect 0] 0.2 01 03 0.77 094 279 325 413 406
Abatement cost exponent -y 0.6 05 07 0.66 107 212 434 354 487
Damage function exponent dam2 15 10 20 057 109 426 232 423 400
Damage function cdgcient daml 0.02 001 004 056 123 395 226 413 408

Table 1: Parameter values anfleetiveness dierence. Columns 3-5 list the default, low, and high parametlereg. Columns 6-7 report thefidirence in spillover intensity
between cooperation on mitigation and productivity to asfell cooperation. For default parameters this value i5 (8 metric for spillover intensity is induced consumption
gain, see Figure 1. Columns 8-9 and columns 10-11 report tmespmnding dierence in environmentalfectiveness and global welfare, respectively. Here, thauliefalues
are 30.0 and 41.5, respectively.



as the diference in spillover intensities that arefstient to stabilize full cooperation. In Figure 1
this is the distance between the topmost data points of atiitig cooperation and productivity
cooperation on th&-axis. This dfference is considerablyfacted by parameter changes, mostly
in the range of plysninus thirty percent of the default, yet it is always pogtand larger than
0.5 percent, indicating that R&D cooperation on produtfivemains significantly morefiec-
tive than cooperation on mitigation R&D.

Similarly, columns 8-9 show thefiierence in environmentaffectiveness for the same stable
grand coalitions from Figure 9. We take the metric of envinemtal éfectiveness from Figure 5,
i.e. the numbers in this table measure th&edénce of the topmost data points in Figure 5 on the
y-axis. Analogously, columns 10-11 show the impact of patameariation on the dierence in
global welfare of grand coalitions, i.e. the distance oftthymost data points in Figure 6 on the
y-axis. The values in columns 8-11 of Table 1 show that evenghgarameter variation has a
considerable impact, our conclusions remain intact.

5. Summary and Conclusions

We assessedfiierent technology oriented agreements (TAO) in a conceptodel and had
to resort to numerical solutions. Naturally, any conclasirom these result about the economy
described by the model must be taken with a grain of salt. itlestess, the model suggests some
rather general dierences between the selected TOA, which we summarize imtiogving.

Cooperative R&D in mitigation technology is les$extive because via emissions reductions,
spillovers of mitigation technology raise both, the coatitpaydt and the free-rider incentive.
This feedback of mitigation reduces the positive incentif’spillovers on coalition formation
making cooperative R&D that is unrelated to emission abatéra more attractive option for
setting incentives for participation.

Contrary to R&D in productivity, R&D in mitigation technody has a positive impact on the
environment by reducing abatement costs. Indeed the saleoleenvironmental €ectiveness
can be reached with smaller coalitions using R&D coopenatiomitigation technology rather
than productivity. Nevertheless, the spillover intensigcessary to reach this same level of
environmental fectiveness is larger than in case of productivity.

Moreover, our model suggests that restricting spilloverdusively to the coalition is non-
credible in case of mitigation technology. This is plausibecause in a world with a global
warming problem, it is desirable to let advanced mitigatechnology difuse as much as possi-
ble. Overcoming non-credibility due to economic reasong bepossible by means exogenous
to this model, for example by commitment (e.g. Houba and,Bf102, Ch. 7), which could be
enforced by reputation or eliminating the alternativesvétttheless, this is a complication that is
absent in productivity spillovers.

This impact of the source of spillovers could be one of thessea why Nagashima and
Dellink (2008) only find small fects of spillovers related to marginal abatement costsradse
Botteon and Carraro (1998) observe a significant increapartitipation up to full cooperation
due to spillovers that reduce production cdsts.

7Of course, the models used in Botteon and Carraro (1998) agasdtiama and Dellink (2008) filer in many respects
from this model, among them are: dfdrent modeling framework, heterogeneity of players, andisich of transfers
within the coalition. The feedback of a stronger abatemgattgdue to lower abatement costs) onto non-members ought
to be present in the model nonetheless. It is also not clearthewssumed spillover intensities in théelient models
compare.
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We argued that if technology standards are easier to agm@ethpn a cooperative environ-
mental agreement, then adopting an agreement on standaydsara helpful first step towards
an international environmental agreement. Our model stgdbat this works when standards
cause emission reductions for non-members but are fulfiltddntary by coalition members.
Here, this is the case only when at least some cooperative B&Brried out, setting the abate-
ment levels of members and non-members far enough apart.

A combination of technology standards and cooperative R&&8l$o promising for a second
reason. International standards by themselves reducsiemssn a way that is not cosffeient.
Combined with cooperative R&D, however, they may induceiremvnental cooperation to an
extent beyond standards, therefore making itffiiciency unimportant.

Limitations

This study aimed to identify general caud®eet relationships in the interplay of TAO and
IEA. The simplifying assumptions of (ex ante) identicalicets and lack of technological detail
facilitated the analysis, but at the same time they redueestiope of its conclusions for real
world policy. Therefore, testing the lessons learnt from gtudy in models with heterogeneous
regions and explicit technology choice would be a step tdicarthem and elaborate on their
implications.

In particular, we analyzed the interaction of standardsspillbvers from a purely macro-
economic perspective, arguing that standards come inte fdue to incentives that are exoge-
nous to the model. Recent integrated assessment modelB@sgjti et al., 2006) resolve some
technological detail providing the basis to implementdtads on the technology level and allow
to explore the scope of the results of this paper in a lesseginal setting.

Moreover, we argued that the spillover extent could be festé¢hrough governmental pro-
grams, assuming that this is possible at no additional sdaiests. While this assumption is
backed by the very idea of R&D spillovers, namely that R&D erertes particularly high re-
turns, it does not account for crowding out of other R&D.
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Appendix A. Parameter Choices

Table A.2 lists our choice of parameters. We restrict thiglgtto the case of symmetric
players, hence a calibration to real world regions is outudsgion. Nevertheless we selected
a set of parameters that is plausible in light of the emplititarature. This appendix lists the
assumptions we made.

Parameteg, drives endogenous growth. We chose its value such that egomaitput shows
a 2.5 percent annual growth in the first century.

Parameters in the climate module are based on literatuwesagiving us a ¥ temperature
increase by 2100, and a57C increase by 2200 in non-cooperative equilibrium and mssras
usual, i.e. without climate change damages.

The damage function was chosen such that in non-coopeegfivigbrium damages in 2100
are 6 percent. Within the mitigation option, parameteandé, were selected such that optimal
abatement (the social optimum solution) reduces the testyrerincrease in 2100 to2C.

Table A.2: Parameter values.

Parameter Symbol Value
Pure rate of time preference P 0.01
Elasticity of marginal utility n 1
Income share capital B 0.35
Growth rate of labor supply orl 0.01
Exogenous rate of decarbonization v 0.01
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Table A.2: Parameter values.

Parameter Symbol Value
Initial labor lo 1

Initial labor productivity a 1

Initial capital stock ko 34
Effectiveness of investments én & 0.023
Effectiveness of investmentskm &, 5.0
Abatement cost exponent v 0.2
Ocean bhiosphere as GGource B° 0.47
Atmospheric retention factor B 1.51e-3
Radiative temperature driving factoru 8.7e-2
Temperature damping factor a® 1.7e-2
Ocean biosphere as GGink o 2.15e-2
Initial concentration concy 377
Initial temperature tempg 0.41
Initial cumulative emissions cumey 501
Damage function cdicient daml 0.02
Damage function exponent dam2 15
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