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Linking Emissions Trading Schemes in the
Presence of Research and Development
Spillovers

Abstract

I analyze the role of research and development (R&D) spillovers on the
incentives to link emissions trading schemes (ETSs) under different timings
with respect to the determination of the emissions reduction target (ERT)
and to the linking decision. When countries decide upon linking their ETSs
prior to setting their ERTSs, the permit importing country may not consent
to link in the absence of R&D spillovers. The reason is that the other country
strategically decreases its ERT to increase its revenues from permit trading,
thereby increasing the costs for the permit importing country. However, in
the presence of R&D spillovers, the permit importing country benefits from
higher R&D spillovers and from lower environmental damage under linking
relative to autarky and is therefore willing to link.

When countries determine their ERTs prior to the linking decision, the
role of R&D spillovers on the linking decision reverses. In the absence of
R&D spillovers, both countries unambiguously are willing to link their ETSs
due to the efficiency gains from trade. However, if R&D spillovers are rele-
vant, the permit exporting country may be worse off under linking because
its R&D spillovers deteriorate due to lower abatement effort by the other
country. Hence, there is a trade-off between the efficiency gains from trade
and the reduced R&D spillovers, causing the permit exporting country to
reject linking if the spillover effect is sufficiently large.

Keywords: climate change, emissions trading, technology spillovers, linking
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1 Introduction

In the last years, several emissions trading schemes (ETS), such as the European Union
ETS, have been established worldwide in order to act against global warming. More
recently, China launched ETSs in seven pilot regions and has announced to establish a
national ETS by 2016. Economic theory suggests that linking existing trading schemes
equalizes marginal abatement costs across regions, thereby minimizing the abatement
costs and leading to benefits for all countries involved. However, this argument neglects
two crucial factors. First, the number of issued emissions allowances, or equivalently
the emissions reduction target (ERT), is a political decision and may vary depending on
whether or not trading schemes are linked. Second, the price signal of the permit mar-
ket is decisive for (private) investments in research and development (R&D) of climate
friendly technologies. Moreover, a part of the knowledge created in one country may
spill over to other countries. The question arises whether or not countries benefit from
linking their ETSs in the presence of induced technological change and R&D spillovers
when the ERT is not fixed, but is determined endogenously.

Helm (2003) analyzes the case when countries set their ERTs (in his paper the number
of emission allowances) endogenously, but does not consider R&D spillovers. He finds
that the permit importing country may not consent to link because of a negative strate-
gic price effect that is imposed by the other country. Relative to autarky, the permit
exporting country has an incentive to relax its ERT in order to increase its revenue from
permit trading. To counteract this increase, the permit importing country expands its
ERT which leads to higher permit payments, making this country potentially worse off
under linkage relative to autarky.

Golombek and Hoel (2008) study the welfare consequences of linking ETSs in the pres-
ence of R&D spillovers. In their model, countries cooperatively choose their ERT's in the
first stage and decide upon their R&D levels (via local subsidies) non-cooperatively in

the second stage. They find that allowing for trade in permits after the ERTs have been



determined reduces the joint welfare of the countries. The reason is that permit trad-
ing equalizes marginal abatement costs whereas the welfare optimum generally requires
marginal abatement costs to be distinct. Since the ERT triggers investment in R&D
and therefore internalizes partially the positive technology spillovers across countries,
any deviation from the optimal ERTs distorts the R&D investments of each country,
leading to a decrease of the joint welfare.

The crucial assumption of Golombek and Hoel (2008) is that countries choose their
emissions allowances cooperatively in the first stage. While maintaining the assumption
that the ERTs are determined prior to the R&D investments, I assume countries to set
their ERTs non-cooperatively. Non-cooperative behavior seems to reflect the political
reality in climate negotiations more accurately than cooperative behavior.! Furthermore,
I analyze the incentives of countries to link their ETSs for different timings with respect
to the linking decision. In particular, I distinguish between whether countries decide
upon linking their ETS before or after ERTs have been determined.

If countries take the linking decision prior to setting the ERTS, then the permit im-
porting country may not consent to link in the absence of spillovers due to the negative
strategic effect identified by Helm (2003). However, if spillovers are substantial, this
country may be willing to link. The reason is that relative to autarky the permit ex-
porting country increases its abatement effort and therefore also its R&D investments,
which is beneficial for the permit importing country due to higher spillovers. Hence,
while the permit importing country may not consent to link its ETSs in the absence of
spillovers, it may do so if R&D spillovers are sufficiently large.

This result is reversed when countries determine their ERT's prior to the linking deci-

sion. If spillovers do not exist, then both countries will consent to link their ETSs given

'Even though the Paris agreement is celebrated as a breakthrough in international climate negotiations
by many scholars, the determination of the intended nationally determined contributions (INDC) of
each country rather reflects a non-cooperative solution than a solution that have been agreed upon
in a cooperative way. Thus, assuming non-cooperative behavior of countries when setting their ERT's
seems to be appropriate despite the Paris agreement.



the ERTs have been already set because they benefit from the efficiency gains from
trade. This is the standard argument in favor of linking E'TSs. However, if spillovers are
substantial, then the permit exporting country may not be willing to link. The reason
is that in the case of linkage, the permit importing country will reduce its abatement
effort and, therefore, also its R&D investments, leading to lower spillovers for the permit
exporting country. Hence, there is a trade-off between the efficiency gains from trade
and the reduced R&D spillovers which is why the permit exporting country may not
benefit from linking. Thus, while countries unambiguously opt for linking in the absence
of spillovers, they may not link their ETSs if spillovers are sufficiently high.

Related literature

There are some papers asking whether linking ETSs is in the best interest of each
individual country. Babiker et al. (2004) show in a partial equilibrium model that
linking leads to higher social costs if the permit price interacts with domestic taxes. In
Marschinski et al. (2012), the authors analyze linkage in a general equilibrium model and
identify a terms of trade effect that may lead to a deterioration of welfare. Anger (2008)
shows in a two-sector general equilibrium model that linkage may not be beneficial if
only one sector is linked and the national allocation of allowances towards the two sectors
is endogenous. More recently, Doda and Taschini (2015) argue that fixed set up costs
associated with linking may outweigh the efficiency gains from trade.

The results of Helm (2003) also suggest that linking may not be in the best interest
of some countries. The reason in his paper is that countries determine the number of
emissions allowances endogenously which gives rise to a negative strategic price effect.
Permit exporting countries will issue more emissions allowances under linking relative
to not linking, thereby decreasing the welfare of permit importing countries. In total,
permit importing countries may be better off under autarky. This conclusion is partly
confirmed by Carbone et al. (2009) who use a computable general equilibrium model to

calculate the welfare consequences of permit trading. Holtsmark and Sommervoll (2012)



show in a two country setting that the negative price effect can be so large that the joint
welfare of both countries is inferior when countries allow for permit trading. The reason
is that under certain conditions with respect to the slope of the marginal abatement costs
and to the size of the countries, the overall ERT under linking is smaller than under
autarky. This leads to higher environmental damage for both countries which outweighs
the efficiency gains from trade associated with linking permit markets.?

The papers above do not include R&D investments and technology spillovers. This
is included in Golombek and Hoel (2004) who study the impact of technology spillovers
on carbon leakage. They show in a two-country setting that if one country increases its
abatement effort, then this does not necessarily lead to an increase of emissions in the
other country as would have been predicted by a model without technology spillovers.
The reason is that a higher abatement level triggers additional investments in R&D,
causing a reduction of abatement costs in the other country due to the spillovers and
leading to an increase of this country’s abatement level. Technically, I follow the ap-
proach of Golombek and Hoel (2004) in many aspects. In their model, both countries
simultaneously and non-cooperatively choose their abatement effort and their R&D in-
vestments as to minimize their social costs which consist of abatement, investment and
environmental damage costs. In an extension, they analyze the case where R&D invest-
ments are strategic in the sense that they are set prior to the abatement level.> However,
Golombek and Hoel (2004) do not study the role of permit trading which is the focus of
this paper. The interaction between permit trading and technology spillovers is analyzed

by Golombek and Hoel (2008).# As explained above, the authors of this study find that

2A different timing is analyzed by Mackenzie (2011) who compares initial allocation choices of permits
when two countries sequentially determine their number of allowances. Relative to simultaneous
decisions, sequential choices may lead to higher total emissions. However, Mackenzie (2011) does not
analyze whether or not both countries are better off under linking relative to no linking.

3Strategic investments in R&D in the context of global environmental problems have been first analyzed
by Buchholz and Konrad (1994). Closer to my research question is Greaker and Hagem (2014) who
analyze the role of permit trading on the strategic incentives of a developed country to invest in R&D
at home and, via technology transfers, in a developing country. They find that in the case of permit
trading, the industrialized country has an incentive to invest more in R&D at home.

4Golombek and Hoel (2006) also analyzes climate agreements in the presence of technology spillovers.



linking permit markets leads to a deviation of optimally determined ERTS, causing joint
welfare to deteriorate.

This paper is organized as follows: Section 2 describes the model and derives the
optimality conditions for both countries under linking and under autarky. Section 3
analyzes the social costs and the linking decision under different timings. Finally, Section

4 concludes.

2 The model

In the model, there are two countries ¢ and —¢ and I disregard from any uncertainties.
Following Goulder and Mathai (2000), the costs of abating greenhouse gases (GHG)
are decreasing in the technology level K; of each country. The technology level in each
country 7 increases in investments in R&D, labeled as R;. Investments in R&D are de-
fined narrowly in the sense that they are not assumed to encompass very long term R&D
projects such as research in breakthrough technologies or any kind of basic research, but
focus on rather short term measures. This includes enhancing existing technologies such
as photovoltaic solar panels or wind turbines, deploying new technologies or even the
education of professionals. The technology level does not only increase by R&D invest-
ments at home, but also by R&D investments of the other country due to technological
spillovers. This reflects the fact that the experiences and improvements made by one
country can also be used partly by the other country. Additionally, in the case of the
education of professionals spillovers stem from the mobility of workers and from interna-
tional networking. In particular, I assume that a fraction a < 1 of the R&D investments

abroad can be used in the home country. Thus, technology diffusion is not perfect. As

However, in their paper linking permit markets would have no effect since countries are assumed to
be symmetric.



in Golombek and Hoel (2004), the technology level of country i can be written as
Ki = Ri + OZR_Z' (1)

where R_; represents the R&D investments of country —i. Assuming a linear relationship
of R&D investments is standard in the literature. This way of modeling goes back to
Spence (1984) and has been employed by several authors.” Moreover, I assume the
spillover parameter « to be the same for both countries.

Investments in R&D are costly. Countries are assumed to differ in their unit costs of
each unit R&D which are given by k; and k_; respectively. To enhance tractability, I
assume the national governments to choose directly the level of R&D in their jurisdiction.
An alternative modeling approach that follows Golombek and Hoel (2008) would have
been that firms privately invest in R&D and governments can indirectly determine the
level of R&D by subsidies. Formally, both approaches are equivalent as long as the
subsidy exclusively aims at the R&D level and does not influence the abatement level
directly and as long as the spillover parameter between domestic firms is higher than
that between firms located in distinct countries.

The abatement cost function depends on both the level of abatement a and the tech-
nology level K. The cost function of the two countries are assumed to be symmetric
and is given by C(a, K). The function is assumed to be twice differentiable and has the

following properties:

oK), PClaK) _ IC@K) _ 9ClaK)

Oa " Oa? e 0K <% 0K? >0
9C(a,K)  9°Cl(a,K) —0 0*C(a, K) 9*C(a,K)  (9*C(a, K)\? .
0ad0K ~  0Ka T a2 OK? (8a0K)

Marginal abatement costs are increasing in the level of abatement. A higher technology

level reduces the abatement costs at a decreasing rate and also reduces the marginal

5See for example Rosendahl (2004) and Golombek and Hoel (2006, 2008).



abatement costs. Moreover, the standard regulatory condition are assumed to be satis-
fied. Finally, I assume C(0,K) = 0, lim 0C(a, K)/0a = 0, lim 0C(a, K)/0a = co and
a—0 a—o0
Il(imo 0C(a, K)/0K = —c¢ in order to avoid corner solutions.
%
Both countries suffer from environmental damage caused by transboundary GHG emis-
sions. Let € be the global emissions under business as usual, then the environmental

damage of country ¢ is given by
ED; = di(é —e; — 6_1') (2)

where e; and e_; are the ERTs of country ¢ and —¢. Countries may differ in their
marginal environmental damage d; > 0. This reflects the fact that climate change
affects the regions of the world asymmetrically.

Taking everything together, the social costs of country ¢ under autarky are given by
SCZA = dl(é —e; — 671‘) + C(ei, Kl) + ki R; (3)
whereas the social costs when carbon markets are linked read

SCl=di(e—e; —e_;) + Clai, Ki) + kiRi +p- (e; — ay). (4)

(2

In the case of linkage, the last term of equation (4) represents the carbon revenue from
trading permits with the other country. This term is positive and therefore increases
the social costs whenever e; > a;, i.e. when the country’s ERT is higher than the actual
abatement effort. This is the case when the country is a permit importer.

Timing

In the following, I analyze three different timings. In all timings, the R&D investments
take place in the last stage. This reflects the fact that R&D investments in this paper

are thought of as rather short-term measures. Thus, countries are assumed to determine



first the political parameters before making any decision regarding R&D.

In the first timing, countries simultaneously decide in the first stage upon linking their
ETSs. Linking will only occur, if both countries consent to link. In the second stage,
countries simultaneously and non-cooperatively determine their ERTs. In the last stage,
countries choose their R&D investments and, in the case of linkage, also their abatement
effort while the permit market clears.

Relative to the first timing, countries are assumed to decide simultaneously upon both
their ERT's and their linking decision in the second timing. In the third timing, countries
first determine their ERTs before deciding upon linking their ETSs. The last stage of

timings 2 and 3 is equivalent to timing one.

3 Analysis of different timings

3.1 Timing 1

The problem is solved by backwards induction starting with the last stage of the game
and differentiating between whether or not countries have linked their ETSs in the

previous stage.

3.1.1 Stage 3

Autarky
Under autarky, both countries abate the emissions that have been determined by their
ERTs in the previous stage. Hence, the only choice variable for each country is the R&D
investment. The first-order conditions (FOC) of minimizing (3) with respect to R; are
given by
oC(e;, Ri + aR_;)

- e = k. (5)

The investments in R&D are chosen such that the marginal investment costs k; equal

the marginal benefits that result from reducing the abatement costs (—9C(e;, R; +



aR_;)/0K; > 0). Both FOCs determine the optimal Nash-equilibrium R&D levels
under autarky R (e;, e_;, ) and R4, (e;,e_;, ).

The comparative statics of the optimal values are given by

ORM (e, e_;, ) Ciei
Ik 0 6
861‘ (1 — QQ)CZ'KK - ( )
OR (e e_i,a)  aC vk
v A T Y = <0. 7
Oe_; C_ikK - @

where the subscripts denote the second derivatives of the abatement cost function of the
corresponding country. The R&D investment increases in the level of the country’s own
ERT because the higher the abatement level, the more costs can be saved by investing
in R&D. The R&D investments of country i are weakly decreasing in the ERT of the
foreign country. If country —i increases its abatement effort, it will also invest more
in R&D to satisfy cost effectiveness. Due to the R&D spillovers the effective stock of
knowledge of country i increases which allows for reducing its investments in R&D.

Linking

When carbon markets are linked in the first stage, countries minimize equation (4)

with respect to a; and R;. The FOCs are given by

80(@1, RZ‘ + OéR_i)

90, =p (8)
80((%', RZ’ + OéR_Z') o
- e = k;. (9)

According to the first line, the optimal abatement levels are such that the marginal

abatement costs equal the permit price. This is the standard result of permit trading.

The second line yields the optimal level of investments in R&D, analogously to the

autarky scenario. The four FOCs together with the market clearing condition e; +
L

e_i = a; +a—_; determine the five endogenous variables in the Nash equilibrium a; (e, @),

al;(e,a), RF(e,a), RF (e, a) and p(e, a). Note that all variables depend on the total level

—1
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of the ERT e = e; + e_;. Since ETSs are linked, it is not important for the equilibrium
values whether country ¢ or country —¢ increases its ERT. The comparative statics for

the variables are given by

&%‘La(g’a) — _é (C’iKK(C_Z‘aaC—iKK - CziaK)) >0
(10)
apgzm = é <(Ci2aK — CiaaCik k)(C=iaaC-ik K — CQM&) >0
(11)

ORf(e,0) _ 1

9 =0 < — Ciak (C_iaaCixi — C% ) + aC_iak (CiaaCix i — CZ-QGK)> s0

(12)

where the term det < 0 is the determinant of the matrix that one obtains by totally
differentiating the four FOCs and the market clearing condition. The abatement effort
of each country increases in the total ERT. Clearly, if one country increases its ERT,
this country will have a higher abatement effort. However, a part of the increase will
be transferred through the permit market to the other country, increasing its abatement
level as well. Since marginal abatement costs are increasing, the equilibrium price rises
in the total level of the ERT. The effect of a higher ERT on the R&D level of a country
may be positive or negative. If the spillover parameter o = 0, then this effect is un-
ambiguously positive. Since the abatement level of each country increases in the ERT,
each country also adjusts its R&D investments upwards. This picture may change in the
presence of spillovers: Given that one country has increased its R&D investment, this
augments the effective knowledge level of the other country. If this increase is substantial
(which is the case if « is rather large), this country may even reduce its investment in

R&D despite of a higher abatement effort.5

SHowever, under the assumption that all third derivatives of the abatement cost function are zero, the
R&D level of each country is unambiguously increasing in the ERT.

11



3.2 Stage 2

In the second stage, countries determine their ERTs, anticipating the reaction functions
of the third stage and taking as given the decision of whether ETSs are linked or not
linked.

Autarky

Under autarky, both countries simultaneously minimize their social costs given by
equation (3) with respect to the emissions reduction target e;. Taking into account the
optimality conditions from the third stage, the FOCs read

N-
05CN0) __,

n oC (e;, K;) n dC (e;, K;) ORY,
861‘ aei @ 8KZ~ 86@

=0 (13)

In the absence of spillovers, each country chooses its ERT as to equalize the marginal
environmental damage with the marginal abatement costs. If o > 0, the country takes
into account the adverse effect that an increase of its own ERT has on the R&D level
of the other country. This increases the country’s abatement costs which is why each
country will reduce its ERT in the presence of spillovers relative to o = 0. I call this effect
the strategic investment effect. In equilibrium, both FOCs are satisfied simultaneously
and the equilibrium values in a Nash equilibrium are given by ef!(a) and e4,(a).

Linking

If ETSs have been linked in the first stage, each country minimizes its social costs
given by equation (4) with respect to its ERT taking the ERT of the other country as
given. Substituting the optimality conditions from the third stage (equations (8) and
(9)), the FOC of country i reduces to

0SCE()

T = —di+pta

0C (e;, KF) ORY (e,)  Op
Oe; *

e _aly =
0K; Oe; ae(el a;) =0 (14)

In a Nash equilibrium, this FOC is satisfied for both countries and the equilibrium

values are given by e(a) and e%,(a). To interpret the FOC, consider first the case
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where a = 0. In equilibrium, each country chooses its ERT such that the marginal
environmental damage equals the marginal abatement costs given by p plus the marginal
revenue effect that is caused by a marginal change of the permit price represented by
the last term of equation (14). Since the permit price is the same for both countries,
equation (14) reveals that the country with lower marginal environmental damage is the
permit exporter whereas the country with higher damage is the permit importer. This
result is also found by Helm (2003).

In the presence of spillovers, the strategic investment effect represented by the term

(el KLY ORL (e, . . -
o 2% S;(;KZ ) E)Ze(ie ) adds to the rational of each country. This term reflects the marginal

change of abatement costs, originating from the technology spillovers that have altered
due to a change of the R&D investments of the other country.” Since a part of an
increase of the own ERT is transferred via the permit market to the other country,
the other country tends to increase its investments in R&D. This increases the positive
spillovers which is why each country has an incentive to augment its ERT when spillovers
are existent. This incentive is the higher the higher the spillover factor a. Hence, while
the strategic investment effect gives rise to decrease the ERT under autarky, it leads to
an increase of the ERT under linking.

Summing up both FOCs, taking into account the market clearing condition as well as
equation (9) and solving for p yields

ORE (e, ) N ORI (e,

—1/2(ds d ok . )
p=1/2(d;i +d_; + ok; De, e ). (15)

In equilibrium, the permit price is the average of the marginal environmental damage
of both countries and the strategic investment effect of both countries. Provided that an
increase of the ERT augments the R&D investments of both countries, the equilibrium

price increases in the spillover parameter «. Since countries have an incentive to set

"Since from equation (9) we have = —k;, this term can also be interpreted as marginal

003 (e KF)
. . a i .
savings on own investment costs due to technology spillovers.
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higher ERT's in order to benefit from the spillovers of the other country, the permit price
will be increasing.
Turning to the question of which country is permit exporter, plugging equation (15)

into equation (14) and solving for the number of permits traded yields

dp(e)
Oe

ORL (e, )
Oe

ORI (e, )

el —al =1/@) (L) d - d_y + ok

From this equation, Proposition 1 follows.

Proposition 1

Country i is permit exporter (importer) if

8R£i(e, a)
Ode

ORE(e,a)

d; k;
+ 96

< (>)d—; + ak_;

To interpret Proposition 1, consider the incentives of each country to increase its ERT
when there is no trade, i.e. when ef(a) = aF(el(a), a). In this case, the permit revenue
effect vanishes. Marginally increasing its ERT incurs the same costs for each country
(p). However, marginal benefits, consisting of the marginal environmental benefits and
the spillover benefits differ between countries. On the margin, the country with higher

marginal benefits has an incentive to increase its ERT more substantially and therefore

becomes permit importer. To illustrate Proposition 1 in terms of «, consider Corollary

1.

Corollary 1
If all third derivatives of the abatement cost functions are zero, i.e. the second derivatives

are constants, then country i is permit exporter if

2(d; —d—;)Ckk
. 1
@< 2(d; — d—;))Crr + Cox (ki — k—;) (17)
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Given the assumption that countries are symmetric with respect to their abatement
cost function, Proposition 1 simplifies to the inequality (17). Let country ¢ be the low
damage country, then corollary 1 states that country ¢ is always permit exporter if its
marginal investment costs are higher than those of the other country (k; > k_;). In this
case, the term on the right hand side exceeds one and the inequality is always satisfied
because o was assumed to be strictly smaller than one. However, if k; < k_;, then there
is a critical value & where country 4 is permit exporter for @ < & and permit importer
for a > a. In the following, most of the results will be expressed by assuming country ¢

to be permit exporter.

3.2.1 Social Costs

Countries will link their ETS if both countries agree to link, meaning both countries to be
better off under permit trading. This is the case when the social costs of each country
are lower under linking than under autarky. Dropping the arguments of equilibrium
values for reasons of readability, the social costs difference of country ¢ can be written
as
A’L<61Lﬂ e£i7 ei\f’ ezl[z) :SCzL(esz eez) - SCZ]V(eiva ei\fl)
=dj(ef} + e —ef —el) + Claf, Kf) = Celf, K+

p- (el —al) + ki(RF — RY).

i %
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If AA(eZ»L, el.,eN eN.) <0, then country i is better off under linkage than under autarky.

i€ €y
Substracting and adding p - (e)Y) and rearranging yields

AA(-) :di(ef-v + eJ_Vi — el eLi)+

p- (el —eM)+
Clak, RF + aRN) — C(el¥, RN + aRM,) + p(e) — ab) + ki(RF — RN )+

C(aiL, RZ-L + aREZ-) — C(aZL, RiL + aRﬂ-) (18)

The first line of equation (18) is the damage effect and describes the difference of the
environmental damage between the linking and no linking scenario. The second line is,
analogously to Helm (2003), the strategic price effect. This effect arises because countries
asymmetrically choose different ERTs under permit trading and under autarky. In par-
ticular, a permit exporting country has an incentive to decrease its ERT under linking,
causing the price effect to be negative. Equation (18)’s third line describes the efficiency
gains from trade adjusted by the investments in R&D. This term is unambiguously neg-
ative and thus favors linking relative to autarky, representing the main argument in the
literature that suggests linkage to be beneficial. The last line is new to the literature and
is referred to as spillover effect. This effect either favors or disfavors linking depending
on the size of the foreign country’s R&D investments in the two scenarios

The magnitude of all four effects depends on the difference between the ERTs as well
as the investment levels under linking and under autarky. In the following, I will analyze

these differences in more detail.

3.2.2 Comparison of ERTs and R&D investments

I will start with a comparison between the actual abatement effort under linking (al)
and the ERT under autarky (efv ) because this impacts, among other factors, the size of

the efficiency gains from trade (see third line of equation (18)). Using equations (8) and
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(13) and substituting equation (15), the difference of marginal abatement costs under

linking and under autarky can be written as

dC(af, KI') 9C(e}Y, K[N)
Oa Oa

ORE ORL, ORL, ORN,
Oe —ak; Oe )+ aki( de  Oe; )

(19)

=1/2(d—;—d;i+ak_;

For a = 0, the right hand side of equation (19) is negative for the high damage country,
but may turn positive for « sufficiently large. For the low damage country, the right
hand side of this term is always positive which means that the marginal abatement costs
under linking are higher than those under autarky. This is a first indicator that aiL may
exceed eﬁv which will be confirmed in the following.

Generally speaking, a comparison of the ERT's and the R&D investment levels between
linking and autarky is complicated due to the fact that the ordering of second derivatives
may differ across countries. To elaborate more on that, it is helpful to define the following

two expressions

Definition 1
Define SMC; as the average slope of the adjusted marginal abatement costs and AT L;

as the average technology level per unit abatement of country ¢ which are given by

aiL KZL aiL KiL
fC’iaa(a,KiL)da f CiKK(agv,K)dK— f C’iaK(a,KiL)da f CiaK(aZN,K)dK
< e KN e Ky
(af —eY) | Cixx(al, K)dK
KN

f(j&f Ciax (a, KZ-L)da/(aiL — eﬁv)

ATL; = - — . (21)
[k Cixx (0], K)dK /(K] — KY)

The derivation of both definitions is deferred to the Appendix. The term SMC,; is

the average slope of the marginal abatement costs which are adjusted by the optimal
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investment in R&D. Given the assumptions regarding the abatement costs, this term
is unambiguously positive. Moreover, note that SMC; is smaller than the average
slope of the marginal abatement costs without adjustment of R&D investments given by
feilé Ciaa(a, KF)da/(a? — elN') which reflects the cost saving due to investments in R&D.
The term ATL; denotes the average technology level per unit abatement of country i.
In the appendix, I show that this term corresponds to (K} — K}¥)/(al — €l¥). Using

Definition 1 and the results from equation (19), Proposition 2 reads

Proposition 2

Let SMC; be the average slope of the adjusted marginal abatement costs of country i,
then the difference between actual abatement under linking and abatement under autarky
s given by

ORF
Oe

ORE, ORE,  ORN, —_—
aiL—efv = (1/2(d_i—di+ak_i —aki _Z)—Faki( — _Z)>/SMC7, (22)

de de oe;

Proposition 2 confirms the statement from above that the actual abatement under
linking is higher than that under autakry for the low damage country. Moreover, the
difference is increasing in the spillover factor . The reason is rooted in the strategic
investment effect. While an increase of the ERT positively spills back via a higher
investment in R&D of the other country under linking, it leads to lower spillovers under
autarky:.

Comparison of country specific ERTs

Turning to the question of how countries choose their ERTs under the different sce-
narios, using equation (16) and some transformations of the FOCs from the last stage

(equations (5) and (9)) and transforming properly yields

Proposition 3

Let SMC; be the average slope of the adjusted marginal abatement costs of country i,
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then the difference between the ERT under linking and under autarky is given by

1 ORL ORL. 1 1
L_ N _-— . . T . —1 _
e; —e; 5 <d_l d; + ak_; e ak; P ) (S]WC% % > +
ORL.  ORN 1
ki -1 —1 2
@ ( Oe Oe ) SMC; (23)

The first term of the first line in equation (23) determines, according to Proposition
1, whether country 4 is permit exporter or importer. In the following, I will interpret
Proposition 3 from the perspective of a permit exporter. If a = 0, the low damage
country is unambiguously the permit exporting country and the term d_; —d; is positive.
Thus, whether country ¢ extends its ERT under linking relative to autarky depends on
the sign of the second term of the first line.

This term contrasts the average slope of the marginal abatement costs (SMC;) with
the impact of an increase of the ERT on the permit price (%). To interpret this differ-
ence, consider the incentives of a country to increase its ERT under autarky and under
linking from the FOCs (equations (13) and (14)). Under autarky, the marginal costs
increase by SMC; while the marginal costs increase by % under linking. Since a part
of the increased ERT is transferred via the permit market to the other country, the in-
crease of the marginal costs under linking is - in general - lower than that under autarky
and we have 0 < % < SMC;. Thus, the second term of the first line in equation (23)
tends to be negative, implying the low damage country to reduce its ERT when permit
markets are linked. In other words, the low damage country has an incentive to issue
more allowances under trade which is referred to as "hot air’ in the literature. This point
was also pointed out by Helm (2003). The reverse holds true for the permit importing
country which will increase its ERT when countries allow for permit trading.

If & > 0, the interpretation of the second term of the first line of equation (23) does
not alter. However, the first term that reflects whether country ¢ is permit importer or

exporter changes. In particular, this term implicitly indicates the number of permits
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traded in the trading scenario (see equation (22)). If this number increases in «, then
the incentive for the permit exporting country to reduce its ERT would be even stronger.
This is the case when the strategic investment effect for the permit exporting country is
higher than this for the permit importing country. Otherwise, the difference in permits
traded decreases and so does the incentive to reduce the ERT when permits are traded.
Finally, the term in the second line of equation (23) denotes the difference of the strategic
investment effect under linking and under autarky which is, in general, positive, causing
countries to set a rather high ERT. In particular, if « is sufficiently high, then also the

permit exporting country may increase its ERT. This result is confirmed by Corollary 2:

Corollary 2

If all third derivatives of the abatement cost functions are zero, then eiL z ef»v whenever

ZCKK(CZZ — d_i)(l - a2) — aCaK(k:i(S + a) + k_i(a — 1)) z 0 (24)

Corollary 2 shows for o = 0 that the low damage country reduces its ERT while the
high damage country increases its ERT when permit markets are linked. For o > 0, if
k; > k_;, then, according to Corollary 1, the high damage country will always be permit
importer and therefore will always set a higher ERT under linking. However, if the
marginal investment costs in R&D of the high damage country are substantially higher
than those of the low damage country (k; < k_;), then the high damage country will
become permit exporter and may set a lower ERT under linking. Nevertheless, Corollary
2 reveals that both countries will increase their ERTs under linking when « approaches
1 regardless of whether they are permit exporter or importer.

Comparison of aggregate ERTs

For the comparison of the aggregate ERT, let us define eX = el +el, and eV = N +elV,

as the aggregate ERT under linking and under autarky, respectively. Summing up

equation (23) from Proposition 3 over both countries yields
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Proposition 4

Let SMC; and SMC_; be the average slope of the adjusted marginal abatement costs
of country i and —i, then the difference between the aggregate ERT under linking and

under autarky is given by

—e’ =o|doi —di+ak — ak; -
© 70 T e~ e )\Gare, ~ saie,) T
ORL,  ORN)\ 1 ORl ORY 1
k; e PR k_; L ) — 2
“ < Oe Oe; )SMCi T < Oe 06i> SMC_; (25)

Starting the interpretation of Proposition 4 with the case a = 0, the second line
of equation (25) vanishes. The first term of the first line is positive if country i is
the low damage country. The second term contrasts the average slope of the marginal
abatement costs of both countries. If the average slope of the low damage country is
larger than that of the high damage country, then the aggregate ERT under linking is
below that under autarky. This was also pointed out by Helm (2003) and Holtsmark
and Sommervoll (2012). The reason for this is the following. In the trading equilibrium
the adjusted marginal abatement costs equal the permit price whereas they equal the
marginal environmental damage under autarky. Hence, under permit trading, I proofed
in Proposition 2 that the low damage country increases its abatement effort while the
high damage country reduces the actual abatement relative to autarky. If the average
slope of the low damage country exceeds that of the high damage country, then the
decrease of the abatement effort by the high damage country will outweigh the increase
of abatement of the low damage country, implying the overall ERT to shrink under
trading.

For a > 0, the same argumentation applies as long as the low damage country remains
permit exporter, i.e. as long as the first term of the first line in equation (25) is positive.
However, the terms from the second line add to the difference in ERTs. These terms

reflect the incentives for investing strategically in R&D under linking and under autarky
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and are, in general, positive. Hence, as the spillover factor increases, the aggregate ERT

under lining tends to exceed that under autarky. Corollary 3 will confirm this statement.

Corollary 3
If all third derivatives of the abatement cost function are zero, then the overall ERT

under autarky is never larger than this under permit trading and it holds that

L N a —Cukx
— = (k; + k_; >0 26
€ € ( + )2(1—a) (CaaCKK—CgK> ( )

L — N If all third derivatives are zero and the abatement cost

For a = 0, we have e
functions are symmetric, then the average slope of the adjusted marginal abatement
costs is the same for both countries and the first term in equation (25) vanishes. For
a > 0, Corollary 3 indicates that the difference between the ERT under linking and under
autarky is strictly positive. This reflects the strategic investment effect that causes both
countries to increase its ERTs under linking. Note that this effect is the stronger, the
higher is the spillover parameter «, implying the difference between e’ and eV to be
increasing in a.

Comparison of R&D investments

In order to analyze the R&D investments of the countries, I should start with com-
paring the technology levels K; between the linking and no linking scenario. Since
the technology level positively depends on the actual abatement effort, the technol-
ogy level should be higher whenever the actual abatement effort is higher under link-
ing than under autarky. Using equation (22) from Proposition 2 and the fact that
W =k; = % leads to

Kf — K =(aj — ¢]")ATL;

oORf | ORL;
Oe i Oe

ORE, ORN, )> ATL;

= <1/2(d_z- —di +ak_; Oe Oe;

)+Oékz(
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Since the average technology level per unit abatement is positive, country ¢ has a higher
technology level under linking when its abatement effort under linking exceeds that
under autarky. The difference in the technology level is the larger, the larger is the
difference between the abatement efforts and the larger is AT L;. For a permit exporting
country, the technology level will always be higher under linking relative to autarky.
For low values of «, the technology level of the permit importing country decreases in
response to linking whereas it may increase for high values of o due to the difference
of the strategic investment effect. The difference of the technology level depends, in
particular, on the size of the term ATL;/SMC;. This term can be interpreted as the
average sensitivity of the technology level to a change in marginal abatement costs.®

Turning to the R&D investments of the country, manipulating equation (27) yields

Proposition 5

Let SMC; and SMC_; be the average slope of the adjusted marginal abatement costs

and ATL; and ATL_; be the average technology levels of country i and —i, then the

difference between the RED investments under linking and under autarky is given by

1 /1 L ORE)\ [ ATL; ATL_;
RE — RN = < <di —d; + ak,iaRl — ak; > ( + )

o
1—0[2 2 36 ae SMC@ SMC,Z
ORL,  ORN, ATL, ORL  ORN, ATL_;
—|—Oék‘l( i z)i_oﬂ 71,( 1 ) )7 (28)
Oe Oe; " SMC; Oe Oe_;” SMC_;

The first line of equation (28) indicates the effect of the R&D levels depending on
whether country i is permit importer or exporter. Suppose that country i is permit
exporter, then this term is unambiguously positive and country ¢ will increase its in-
vestments in R&D for two reasons. First, since the actual abatement exceeds the ERT
of country i, this country has an incentive to make higher investments in R&D. Sec-

ond, for country —¢, the actual abatement is below its ERT, implying this country to

8To see this, assuming all third derivatives to be zero, the term ATL;/ SMC; is given by
—Cur /(CuzsCrrc — C2x) which is equivalent to the expression dK/dC.(z, K (z)).
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reduce its R&D investments. This reduces the technology level K; which is why country
i counteracts this effect by extending its R&D investments.

The second reflects the difference between linking and autarky when setting the ERT
due to the strategic investment effect. According to this effect, each country has an
incentive to set a higher ERT, leading initially to a higher investment level of both
countries. However, an expansion of the R&D investments of country —i causes country
1 to adjust its investment downwards which is reflected by the second term of the second
line. In the most extreme case, this effect may be so large that the R&D investments of
country ¢ decrease under linking. This is the case when the strategic investment effect of
country —i is substantially larger than that of country ¢ and when the number of permits
traded (reflected by the term in brackets of the first line) is not too high. Corollary 4

confirms this statement

Corollary 4

If all third derivatives of the abatement cost function are zero, then RZ-L z RZN whenever
2CaKCKK(di — d_i)(l — a2) -+ anK(ki + k—i) -+ OéZCgK(kZ‘ — 3]?_@)) z 0

From the perspective of the low damage country, the first term in Corollary 4 is
positive which reflects the fact that the low damage country is the permit exporting
country and therefore increases its investments. The second term is positive for both
permit importing and permit exporting countries, representing the fact that the overall
ERT tends to increase under linking. The last term indicates the difference in the
strategic investment effects. In particular, this term is negative if k; < k_;. If a is
sufficiently high and the difference between k; and k_; is very large, than this term may
outweigh the other positive terms, implying the low damage country to reduce its R&D
investments under linking relative to autarky. Perspective of high damage country

For the sake of completeness, let us turn to the aggregate investment level under
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linking RY = RZ»L + RE ; and under autakry RN = RZN + RN respectively. Summing up

—1

equation (28) over both countries and rearranging yields

1 [1 ORL ORL.\ ([ ATL;, ATL_;
L _ pN _ 2 g el I e i i
R*—R T+ a [2 <dl di + ak_; 5.~ ki > (SMCi SMC_)
ORL.  ORN. ATL. ORL  ORN ATL_,
: —i —1 2 - 1 2 ? 2
+ak ( Oe de; )SMCZ- ok ( Oe Be_i)SMC_i] (29)

For a = 0, the interpretation of the first line is analogous to the interpretation after
Proposition 4. There I have argued that the aggregate ERT under linking is smaller than
under autarky if the average slope of the marginal abatement costs of the low damage
country, i.e. the permit exporting country, is below that of the permit importing country.
The same logic applies here. Relative to autarky, the permit exporting country increases
its abatement effort and therefore has higher marginal abatement costs while the reverse
holds true for the permit importing country. Remember that the term ATL;/SMC;
measures the average change of the technology level due to a change of the marginal
abatement cost for country ¢. Thus, if the average change is larger for the permit
exporting country, this implies that the increase in the technology level of this country
outweighs the decrease of the technology level of the permit importing country, leading
to a higher aggregate technology level and to a higher aggregate investment level.

For o > 0, the interpretation of the first line of equation (29) does not alter as long as
the low damage country remains to be the the permit exporting country. However, the
second line adds to the difference of the aggregate investment levels. This line reflects
the difference of the strategic investments effects under linking and under autarky for
both countries and is, in general, positive, implying the aggregate investments in R&D
to increase in «.

If all third derivatives are zero, then the difference of the aggregate investments in
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R&D is given by

C2 (ki + k—y)
RL B RN _ (0% akK \vi 1 > (. 30
1—a? 2CKK(CaaCKK_CgK) B ( )

If all third derivatives are zero, then, due to the symmetry assumption of the abatement
cost function, the term ATL;/SMC; is the same for both countries, implying the first
line of equation (29) to vanish. Thus, the difference of the aggregate investment levels
only stems from the difference of the strategic investment effects which unambiguously
increase the ERT and therefore also the R&D levels.

Comparison of social costs

With all the results from above, we can evaluate the difference in social costs given by
equation (18). This difference finally determines whether or not countries are willing to
link their ETSs in the first stage. If one country expects social costs to be higher under
linking than under autarky, this country will not consent to link. In fact, countries will
establish a joint ETS when both countries are better off under linking.

Generally speaking, equation (18) is hard to evaluate because of the simultaneous

presence of the different effects. However, Proposition 6 draws some conclusions

Proposition 6
If a = 0, both countries may consent to link. FEven if total emissions are increasing.

More or less as in Helm...

Interpretation...
In order to make some more statements about the social cost differences, I will focus
on abatement cost functions where all third derivatives are zero in the following. This

allows for some very clear results.

Proposition 7

If all third derivatives of the abatement cost function are zero and o = 0, then the high
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damage country is worse off under trading while the low damage country is better off

under trading. The aggregate social costs are lower under linking than under autarky.

In the absence of spillovers, the spillover effect vanishes. Moreover, from Corollary
3, we have seen that the aggregate ERT corresponds to that under autarky if a = 0
which is why also the environmental damage effect disappears, leaving the strategic
price effect and the efficiency gains from trade to be non-zero. The efficiency gains from
trade leads both countries to favour linking. I argued after Proposition 3 that the low
damage country tends to set a smaller ERT under linking relative to autarky. Therefore
the strategic price effect of this country is negative, causing the low damage country to
unambiguously consent to linking. For the high damage country, the strategic price effect
is positive and outweighs the efficiency gains from trade. The reason is that under the
symmetry assumption regarding the abatement costs, the difference between the ERT
under linking and under autarky exactly corresponds to the difference between actual
abatement and the ERT under autarky. Therefore, the efficiency gains from trade can
not compensate for the strategic price effect and the high damage country will always
disagree with linking. In aggregate, the strategic price effects of both countries cancel
out, implying the difference in aggregate social costs to be negative due to the efficiency
gains from trade. Thus, linking enhances the welfare.

Turning to the case with R&D spillovers, the analysis becomes much more complex
because the environmental damage and the spillover effect add to the comparison of

social costs. However, Proposition 8 reports some insights

Proposition 8

If all third derivatives of the abatement cost function are zero and if countries are sym-
metric with respect to their investment costs in R€D, then the social costs under linking
are decreasing more rapidly in the spillover parameter o than those under autarky. More-
over, if a is sufficiently close to unity, then the high damage country is unambiguously

better off under linking.
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Proposition 8 has the qualifier that countries are not only symmetric regarding their
abatement costs, but also regarding their investment costs in R&D. This guarantees,
according to Corollary 1, that the low damage is always permit exporter while the high
damage country is permit importer regardless of the size of «.

To interpret Proposition 8, it is useful to analyze the change of the four effects when
« increases. As stated by Corollary 3, the aggregate ERT increases in a due to the
difference of the strategic investment effect. Thus, the environmental damage effect
unambiguously becomes negative for both countries. This effect is the larger, the larger is
the size of . From Proposition 2, it follows that the difference between actual abatement
under linking and the ERT under autarky is increasing in the spillover factor, implying
the efficiency gains from trade to become larger for both countries. Evaluating Corollary
4 for k; = k_; reveals that the low damage country has a higher R&D investment level
under linking than under autarky. Moreover, this difference is the higher, the higher is «
which is why the spillover effect for the high damage country is unambiguously increasing
in absolute terms, making linking more likely as o« becomes larger. The investment level
of the high damage country may be increasing or decreasing in «, implying the spillover
effect for the low damage country to be indeterminate. The strategic price effect is
unambiguously increasing in « for the high damage country. This is because the permit
price is increasing in « (by equation (15)) and the difference between the ERT under
linking and under autarky becomes larger due to the strategic investment effect.’

From the perspective of the high damage country, the efficiency gains from trade as
well as the environmental damage and the spillover effect become more negative as «
increases whereas the strategic price effect works in the opposite direction. In total,

I show in the appendix that the first three effects outweigh the last effect, thereby

9For the low damage country, the strategic price effect may be increasing or decreasing in o for o
sufficiently small. This reflects the fact that one the one hand, the permit price is increasing whereas
the difference between the ERT under linking and under autarky becomes smaller. However, if a
is sufficiently large, then also the low damage country sets a higher ERT under linking than under
autarky, implying the strategic price effect to become unambiguously larger as « increases further.
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reducing the cost difference between linking and autarky. More importantly, I show
that as a approaches unity the social costs under linking are below those under autarky,
implying the high damage country to consent to linkage.

For the low damage country, aggregating all four effects reveals that the social costs
under linking are decreasing more rapidly in « than those under autarky. Thus, the
low damage country unambiguously prefers linking over autarky regardless of the size
of a.. Given that the social costs of both countries decline more rapidly in « in the
linking scenario, also the aggregate social costs are always lower under linking. Hence,
from a global perspective, it is always more efficient to link the ETSs regardless of the
size of . However, note that this welfare level is neither first, nor second best because
countries determine both the ERT and the R&D spillovers non-cooperatively not taking

into account the positive externalities on the other country.

4 Conclusion

This paper asks the question whether it is beneficial for two countries to link their ETSs
when the ERTs are determined endogenously and R&D spillovers are present. The
answer to this question crucially depends on the timing of the political decision, i.e.
whether the ERT's are to be determined before or after countries decide upon linking or
not linking their ETSs.

If countries first decide on linking their carbon markets and set their ERT afterwards,
the permit importing country may not be willing to link in the absence of R&D spillovers.
The reason is that the permit exporting country imposes a negative strategic price effect
on the other country by reducing its ERT under linking relative to autarky. This allows
the permit exporting country to sell more permits and increases its revenue from permit
trading. The permit importing country responds by increasing its ERT to counteract the
increased environmental damage suffered from the reduction of the ERT of the exporting

country. This further increases the payments of buying permits for the permit importing

29



country. In total, the negative price effect may outweigh the efficiency gains from trade
and the permit importing country may be worse of under linking relative to autarky.

The incentives to link ETSs ex ante become more complex in the presence of R&D
spillovers due to the strategic investment effect. This effect is negative under autarky be-
cause increasing a country’s ERT also increases its own investment in R&D which crowds
out R&D investments of the foreign country, thereby decreasing the positive spillovers.
In contrast, the strategic investment effect is, in general, positive under linking. The rea-
son is that increasing a country’s ERT boosts foreign R&D investments because a part
of the domestic increase will be transferred to the foreign country via the permit market.
Hence, countries set higher ERT's under linking than under autarky which reduces their
environmental damage. Additionally, R&D spillovers for the permit importing country
are higher under linking relative to autarky because of a higher abatement effort of the
exporting country. In total, if the spillover parameter is sufficiently high, the permit
importing country is better off under linking and agrees to link its ETS ex ante.

If countries determine their ERTs prior to the linking decision, the impact of tech-
nology spillovers on the linking decision reverses. Given that countries have already
determined their ERTSs, they unambiguously benefit from linking due to the efficiency
gains from trade in the absence of R&D spillovers. However, if technology spillovers
are relevant, the permit exporting country may not consent to link. The reason is that
though benefiting from the efficiency gains from trade, the R&D spillovers for this coun-
try deteriorate under linking. The permit importing country reduces its R&D investment
in response of a lower abatement effort when permit markets are linked. Hence, from the
perspective of the permit exporting country there is a trade-off between the efficiency
gains from trade and decreased R&D spillovers. If the spillover effect outweighs the
efficiency gains, the permit exporting country will not consent to link.

The policy implication of this analysis is straightforward. Given that linking ETSs

increases the joint welfare of countries, the recommendation concerning the timing de-
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pends on the presence of spillovers. If spillovers do not play an important role, which
holds certainly true in the case of rather small ETSs, then countries should decide upon
linking their ETSs after determining its ERTs. This happened to be the case when the
California ETS and the Quebec ETS established a joint ETS back in 2013. On the other
hand, if R&D spillovers are relevant, which is the case when large ETSs such as the EU
and China are going to link, then countries should make the decision of linking their

ETSs prior to the determination of its ERTSs.

31



References

Anger, N. (2008). Emissions trading beyond Europe : Linking schemes in a post-Kyoto

world. Energy Economics 30, 2028-2049.

Babiker, M., J. Reilly, and L. Viguier (2004). Is International Emissions Trading Always

Beneficial? The Energy Journal 25(2), 33-56.

Buchholz, W. and K. A. Konrad (1994). Global environmental problems and
the strategic choice of technology. Journal of Economics Zeitschrift fi’g%r Na-

tionalis 3 konomie 60(3), 299-321.

Carbone, J. C.; C. Helm, and T. F. Rutherford (2009). The case for international
emission trade in the absence of cooperative climate policy. Journal of Environmental

Economics and Management 58(3), 266—280.
Doda, B. and L. Taschini (2015). Carbon dating: When is it beneficial to link ETSs?

Golombek, R. and M. Hoel (2004). Unilateral Emission Reductions and Cross-Country

Technology Spillovers. Advances in Economic Analysis € Policy 4(2), (Article 1).

Golombek, R. and M. Hoel (2006). Second-Best Climate Agreements and Technology

Policy. Advances in Economic Analysis € Policy 6(1), (Article 1).

Golombek, R. and M. Hoel (2008). Endogenous technology and tradable emission quotas.

Resource and Energy Economics 30, 197-208.

Goulder, L. H. and K. Mathai (2000). Optimal CO2 Abatement in the Presence of
Induced Technological Change. Journal of Environmental Economics and Manage-

ment 39, 1-38.

Greaker, M. and C. Hagem (2014). Strategic Investment in Climate Friendly Technolo-

gies : The Impact of Global Emissions Trading. (123), 65-85.

32



Helm, C. (2003). International emissions trading with endogenous allowance choices.

Journal of Public Economics 87, 2737-2747.

Holtsmark, B. and D. E. Sommervoll (2012). International emissions trading: Good or

bad? Economics Letters 117(1), 362-364.

Mackenzie, I. A. (2011). Tradable permit allocations and sequential choice. Resource

and Energy Economics 33(1), 268-278.

Marschinski, R., C. Flachsland, and M. Jakob (2012). Sectoral linking of carbon markets:

A trade-theory analysis. Resource and Energy Economics 34(4), 585-606.

Rosendahl, K. E. (2004). Cost-effective environmental policy: implications of induced
technological change. Journal of Environmental Economics and Management 48(3),

1099-1121.

Spence, M. (1984). Cost Reduction, Competition, and Industry Performance. FEcono-

metrica 52(1), 101-121.

33



