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Abstract

In an open economy, can unilateral environmental policies undertaken by a group of com-
mitted countries ensure sustainable growth? This paper addresses this question in a dynamic
model with directed technical change. There are two countries and two tradeable goods. One
of the two goods (the polluting good) is produced with a clean input and a dirty input, which
causes a global externality. Innovation can be targeted at both sectors and, within the pollut-
ing sector, at clean or dirty technologies. For most of the analysis, innovation is local. I show
that carbon taxes in a single country are generally unable to ensure sustainable growth, that
is, to prevent environmental quality from falling below some critical threshold. A temporary
combination of clean research subsidies and a tariff in a single country can ensure sustainable
growth for sufficiently large initial quality of the environment - in some cases, clean research
subsidies alone may not do so. I characterize the first best policy, the world optimal policy
under the constraint that one country must be in laissez-faire, and the optimal policy from
the point of view of a single country. Calibrated numerical simulations show that, relative
to autarky, trade accelerates environmental degradation, but that when one country under-
takes the appropriate policies, trade helps reducing environmental degradation. Finally, I add
knowledge spillovers and show that carbon taxes in a single country are still generally unable
to ensure sustainable growth.
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1 Introduction

Countries not subject to any binding constraints under the Kyoto protocol account for an
increasing fraction of COy emissions; their share in world emissions has risen from a third in
1990 to more than a half in 2008. In the meantime, climate negotiations have stalled, and no
global agreement seems to be in sight. In response, several countries either have undertaken
unilateral actions or are considering doing so, and more and more, these policies harbor some
protectionist aspects. For instance, the American Clean Energy and Security Act, which was
supposed to set up a cap-and-trade system in the US, planned to implement trade barriers with
countries that did not have a similar system in the absence of an international agreement by
2018.! This raises two questions: First, can unilateral policies be enough to ensure sustainable
growth? Second, how necessary is protectionism to achieve this goal?

Fundamentally, these questions are about the long-run behavior of the economy, and ad-
dressing them requires understanding the dynamic evolution of comparative advantage and
its interaction with environmental policies. This paper tries to shed light on the latter by
integrating directed technical change in a trade model with a global pollution externality. It
first shows that unilateral environmental policies that have no protectionist component (like a
carbon tax) typically fail at ensuring sustainable growth, as they generally cannot reduce emis-
sions in the long-run. This occurs because production of the polluting good gets reallocated
from intervening to non-intervening countries through the well-known “pollution haven effect.”
The innovation response amplifies this pollution haven effect and these policies are likely to
accelerate environmental degradation. Second, the paper shows that intervening countries can
achieve sustainable growth without cooperation from the rest of the world by implementing
a temporary industrial policy which combines clean research subsidies and a tariff. Such a
policy develops clean technologies in the polluting sector in the intervening countries, so that
emissions can be reduced while the intervening countries acquire a comparative advantage in
the polluting sector. As a consequence, production and innovation in non-intervening coun-
tries can be redirected away from the polluting sector, ensuring a decrease in emissions in the
non-intervening countries as well.

More formally, I consider a dynamic version of a two country (North and South), two sector
and two factor Heckscher-Ohlin model - with another factor, scientists, used for innovation.
The North represents countries willing to implement an environmental policy (the intervening

countries), while the South represents countries that do not undertake any policy. One sector

'In this case, the trade barrier was an international reserve allowance. The bill passed the House in 2009
but was rejected by the Senate. Trade barriers have also been discussed for the European Union Emissions
Trading System (EU ETS), but have not been imposed yet. However, the EU ETS is going to be extended to
air transport from January 2012, and should concern all airlines, making it the first attempt at taxing foreign
firms for pollution.



never pollutes, while the other sector can be more or less polluting depending on the balance
between dirty and clean technologies in the country. In practice, the polluting sector includes
the manufacturing of chemicals and chemical products, of non-metallic mineral products and
of basic metals; clean technologies might correspond to renewable energy or bioplastics. Inno-
vation can be directed at the non-polluting or the polluting sector. Within the polluting sector,
it can be targeted at the clean or the dirty technologies. The allocation of innovation between
the two sectors depends on the relative size of both sectors in the country as measured by their
revenue share (Acemoglu (1998)). Since the exporting sector has a relatively larger market
size than the importing sector, innovation is tilted towards the exporting sector in comparison
to the other country, which creates a force towards the amplification of comparative advantage
over time. Within the polluting sector, the allocation of innovation between the clean and
dirty technologies is tilted towards the most advanced of the two: there is path dependence in
innovation. For the main part of the analysis, innovation is assumed to be completely local.
In laissez-faire, if clean technologies are initially less advanced than dirty ones in both
countries, innovation is continually directed mostly towards the dirty technologies. Emissions
keep increasing and the economy eventually reaches an “environmental disaster” as the quality
of the environment falls below a critical threshold. In other words, economic growth is not
sustainable. Carbon taxes or taxes on dirty research in the North (which have no protectionist
aspects) increase the costs of producing the polluting good in the North; therefore, they can
only reinforce a potential initial comparative advantage of the South in the polluting sector.
In this case, such policies cannot reverse the process of increased specialization of the South in
the polluting sector over time, and thus they are unable to prevent an environmental disaster.
As the reallocation of production goes hand in hand with a reallocation of innovation towards
the polluting sector in the South, and as innovation in the polluting sector in the South will
be mostly directed at dirty technologies, such non-protectionist policies are likely to accelerate
environmental degradation. In contrast, temporary clean research subsidies in the North can
redirect innovation from both dirty technologies and the non-polluting sector towards clean
technologies in the North. A temporary policy that combines clean research subsidies with a
tariff allows the North to develop a comparative advantage in the polluting sector at the same
time as this sector is becoming cleaner. Once clean technologies in the North are sufficiently
advanced, and the initial comparative advantage is reversed, market forces that were previously
driving the economy into a disaster now work towards averting it: emissions decrease both in
the North (as innovation keeps being directed to clean technologies) and in the South (as the
South specializes over time in the non-polluting sector). If the initial environmental quality
is sufficiently large, an environmental disaster will be averted. One may think that such a

reversal of comparative advantage could be ensured with clean research subsidies only, but



this is not always true. Under free trade, the South may fully specialize, in which case all
of its innovation will be directed towards the polluting sector, such that the North will not
be able to acquire a comparative advantage in the polluting sector. A tariff can prevent such
an outcome. Overall, to avert a disaster without the cooperation from the South, the North
must enact policies that affect the evolution of comparative advantage in a way that the South
ends up specializing in the non-polluting sector. Directed technical change is essential for this
result: with exogenous technical change, policies in the North only may fail at preventing a
disaster - no matter how large the initial quality of the environment is.

I characterize the world first best policy and second best policy under the constraint that
no intervention can occur in the South. This second best policy can be decentralized through
a carbon tax and research subsidies in the North, along with a trade tax on the polluting good,
which typically takes the initial form of a tariff and then of an export subsidy.? The expression
for the optimal trade tax reflects two objectives for the social planner: reducing emissions in
the South and redirecting Southern innovation towards the non-polluting sector. I also derive
the optimal policy for a Northern social planner and show that the same instruments are used,
but in this case, the tariff also reflects terms of trade considerations.

I carry out a simple calibration exercise which illustrates the main results of the paper. It
shows that for reasonable parameter values, the welfare costs of not being able to implement
any policy in the South are very large. It highlights the double-edged nature of both trade and
directed technical change: both accelerate environmental degradation under laissez-faire, but
help reduce environmental degradation when one country intervenes.

Finally, I relax the assumption that knowledge is purely local. First, I look at the impact
of technological diffusion through spillovers by letting the more backward country catch up
partially. In this case, a combination of clean research subsidies in the North and a tariff
can enhance clean technologies in the South to a sufficient extent that a switch towards clean
innovation occurs there too. Therefore, an environmental disaster can be prevented without
a reversal of comparative advantage when the South initially exports the polluting good. 1
show that the previous results are generalizable: a carbon tax may fail at preventing an
environmental disaster and clean research subsidies alone might fail too, but a combination
of clean research subsidies and a carbon tariff can prevent it. Second, I look at the case
where innovating firms are global, and can (partially or fully) use an innovation developed in
one country in the other country. I show that if innovation is sufficiently transferrable across
countries, clean research subsidies in the North only - without a tariff - can induce a switch to
clean innovation in the South, thereby preventing a disaster.

In its mechanism, this paper bears some resemblance to papers defending the infant industry

2Production relies on the presence of monopolistically produced intermediates, so there is also a subsidy to
correct for the monopoly distortion.



argument that trade can be detrimental to growth by leading countries in the South to specialize
in sectors with poor development prospects (Young (1991), Matsuyama (1992) and Galor and
Mountford (2008)). Here as well, a country risks specializing in the “wrong” sector, not
because that sector offers poor growth prospects, but because this country cannot prevent
the environmental externality associated with the production in this sector. Chapter 8 of
Grossman and Helpman (1991) builds a two country, two sector model where one sector is
differentiated and features productivity growth with local knowledge. The authors show that
a country with a comparative advantage in that sector will keep that comparative advantage
forever in laissez-faire but that temporary research subsidies can allow the other country to
catch up and eventually take the lead. Temporary research subsidies here play a similar role
in reversing comparative advantage.?

The economic literature on trade and the environment has long recognized that in an open
world, the effectiveness of unilateral policies in reducing world pollution can be hampered by
the pollution haven effect - see for instance Pethig (1976), and empirical evidence can be found
in Copeland and Taylor (2004). Markusen (1975) and Hoel (1996) show that the optimal
instrument to address the pollution haven effect is a tariff. In the specific context of global
warming, where the pollutant (COsz) enters differently at several stages of the production
process, several papers using computable general equilibrium models have attempted to track
carbon through the global economy in order to determine the pattern of trade and compute the
carbon leakage rate (that is the rate at which emissions abroad increase following a domestic
reduction). It is generally agreed that the carbon contents of exports from developing countries
to developed countries largely exceeds the carbon content of their imports.* Elliott et al. (2010)
compute a carbon leakage rate of 20% from a reduction in Annex I countries (the countries
with binding constraints under the Kyoto protocol), and show that border tax adjustments
eliminate half of it.” The paper also relates to the literature on the impact of trade on the
environment (see Copeland and Taylor (1995)): here in the absence of global cooperation, trade

is necessary to avert an environmental disaster, but needs to be managed in order to deliver

3Models featuring trade and directed technical change also include Acemoglu (2003), who studies the impact
of trade on the skill bias of technological change, and Gancia and Bonfiglioli (2008), who show that trade
amplifies international wage differences.

'For instance, Atkinson et al. (2011) find that the net US imports of carbon from China in 2004 were of 244
millions of tons of CO2, which represents 0.9% of total world emissions that year.

’Other studies delivering similar results include: Babiker and Rutherford (2005), Schenker and Bucher (2010),
Bohringer, Fischer and Rosendahl (2010) or Bohringer, Carbon and Rutherford (2011). Introducing imperfect
competition, Babiker (2005) finds a leakage rate greater than 100%, while, introducing the possibility for energy-
saving innovation and international knowledge spillovers Gerlagh and Kuik (2007) find a negative rate. There
are, however, few real empirical studies: Aichele and Felbermayr (2010) use a gravity model of trade and find
that committing to the Kyoto protocol increases the carbon content of imports from not-committed countries
by 10%, while Aichele and Felbermayr (2012) find that when committing to the Kyoto protoc countries reduce
domestic CO2 emissions on average by about 7% but that their overal CO2 consumption does not change.



the right outcome.5 Since this literature has focused on static models, it has fully ignored
the evolution of comparative advantage over time and the dynamic consequences of policies.
Therefore it could not study the long-run behavior of the economy and the sustainability of
economic growth.

In fact, a growing literature has shown the importance of taking into account directed
technical change when designing policies against global warming. On the empirical side, Popp
(2002) shows that an increase in energy prices leads to more energy-saving innovation and
Newell, Jaffe and Stavins (1999) find similar results, focusing on air conditioners. Aghion et al.
(2011) focus on the car industry and establish both that an increase in fuel prices leads to clean
innovation at the expense of dirty innovation, and that there is path dependence in clean versus
dirty innovation (which is one of the features of my model). This empirical evidence has led to
several theoretical papers integrating directed technical change in the study of climate change
issues; here, I build specifically on the model developed by Acemoglu et al. (2011) (henceforth
AABH).” The final good in AABH and the polluting sector in my paper are both produced
with a clean and a dirty input, which are substitutes for each other, and, because of knowledge
externalities of “the building on the shoulder of giants” type, there is path dependence in the
direction of innovation (clean or dirty). AABH focus primarily on the single country case but
the working paper already presents an international version of the model. Trade is between
the clean and dirty inputs (which are substitutes), while in my current paper, it is between
two sectors which are complements or Cobb-Douglas in consumption. In my model, innovation
can reduce the emission rate in the polluting sector, so that a country can build a comparative
advantage in the polluting sector while reducing its emissions; this is impossible in AABH.
Moreover, AABH rule out innovation in the South. Maria and Smulders (2004) and Maria and
van der Werf (2008) have also tackled the issue of modeling the interaction between directed
technical change and international trade, but neither allow for innovation within one of the
traded goods. In other words, these models study the allocation of innovation between an
energy intensive sector and a non-energy intensive sector, but ignore that within the energy
intensive sector innovations could be pollution-enhancing or saving.® I further discuss the

differences between this approach and mine at the end of section 2.

SEmpirical studies (Antweiler, Copeland and Taylor (2001) or Frankel and Rose (2005)) point towards a
positive effect of trade on the environment for local pollutents but the effect for CO2 emissions is not clear.

"Earlier work on the environment and directed technical change include Bovenberg and Smulders (1995),
Bovenberg and Smulders (1996), Goulder and Schneider (1999), van der Zwaan et al. (2002), Popp (2004),
Grimaud and Rouge (2008) and Aghion and Howitt (2009).

In Maria and Smulders (2004) the North develops technologies that the South imitates, and opening up to
trade leads to a reallocation of innovation towards the sector that the North exports. Carbon leakage is reduced
when the goods are substitutes and amplified otherwise. In Maria and van der Werf (2008) both countries
innovate and carbon leakage is always reduced by the innovation response to a cut in emissions in a single
country. Golombek and Hoel (2004) study the interaction between environmental policy and innovation in an
open world in a static model.



This paper is structured as follows: Section 2 presents the model, section 3 studies the
laissez-faire equilibrium and which policies are able to ensure sustainable growth, section 4
solves for the world optimal policy, the world second best policy when the South is in laissez-
faire, and for the optimal policy for the North, section 5 presents a stylized calibration, and
finally, section 6 discusses how the main results are generalized when knowledge flows across
countries. Appendix A presents some direct extension of the model, Appendix B contains the

main proofs, Appendices C and D are available online.

2 Model

I consider an infinite-horizon version of a 2 country (North, N, and South, S), 2 sector (G
and H), 2 + 1 factor (capital and labor plus scientists) Heckscher-Ohlin-Ricardo model, where
sector G is similar to the economy of AABH. Time is discrete. Each country is endowed with
a fixed amount of labor and capital: Ly, Ky and Lg, Kg, and there is a fixed mass one of
scientists in both countries.

Preferences. In a given period the flow of utility for consumers in country X can be
represented by an instantaneous utility function u (Cx¢, St) ,where Cx; is the quantity of final
consumption in country X € {N, S} and S; is the quality of the environment (identical in the
North and in the South - the externality is global). Final consumption is a CES aggregate of

the consumption of two goods denoted G and H:

fed

o—1 o—1 o—1
Cx; = (IJCX’E% +(1-v) ijqt> (1)

where Cxy; represents the quantity of good Y € {G, H} consumed in country X € {N, S}. o
is the elasticity of substitution between goods G and H. I restrict attention to the case where
the two goods are either complements (o < 1) or where final consumption is Cobb-Douglas
(o0 = 1), so that both goods are essential for final consumption. Goods G and H will be
the only goods traded internationally. Good G represents the traded goods responsible for
greenhouse gases emissions (in particular, energy intensive goods), and good H, the traded
goods which do not generate emissions. In the calibration section, good G will be identified
with manufacturing of chemicals and chemical products (ISIC code 24), of other non-metallic
mineral products (26) and of basic metals (27), and good H will be the rest of manufacturing.

Production. Good H in country X is produced competitively according to

1 1—v
. 1—
YXHt = (/0 AXHitx}(Hl’td2> (Kf(htLth) ) (2)

where Kxp: (respectively Lxp:) is the capital (respectively labor) hired in the assembly of

good H in country X, xx g is the quantity of intermediates ¢ hired in sector H, and Ax gt



is the productivity of intermediate 4, specific to the country and the sector. 7 represents the

factor share of intermediates. Intermediates are produced monopolistically according to
1—

TXHit = wKéa{HitLXIflgit’ 3)
where K x g (respectively Lxp¢) is the capital (respectively labor) hired in the production of
intermediate ¢ for good H in country X. Intermediates cannot be traded internationally. As
the same factor share is used in the production of intermediates and in the final assembly of the
good, B € (0,1) is the overall factor share of capital in sector H. I define total employment of

capital in sector H (the sum of capital hired to produce good H and the intermediates specific
to good H) as:

1
Kxpt = Kxne +/ Kx midi, (4)
0

similarly Lx g is total employment of labor in sector H in country X.
Good G is produced competitively with a “clean” input Yx. and a “dirty” input Yyxg

according to:

e—1 e—1 e—1
Yxar = <Yth + Yyar > ) (5)

where ¢ > 1 is the elasticity of substitution between the clean and the dirty input (I will also

consider the case € = 0o, when the two inputs are perfect substitutes). The dirty input is the

source of pollution. Both inputs are produced competitively according to:

1
Yth = </ szitl"szitdi> (K?(thﬁgz?)l_w for z € {c, d}, (6)
0

where K. (respectively Lx ;) is the capital (respectively labor) hired in the assembly of input
z in country X, xx . is the quantity of intermediates ¢ hired in sector z, and Ax,; is the pro-
ductivity of intermediate ¢. Both clean and dirty intermediates are produced monopolistically
according to:

oxzit = VKL, (7)
so that a € (0,1) represents the total factor share of capital in sector G. The share of
intermediates 7 is the same for the clean input, the dirty input and sector H (so that the
monopoly distortion only has a scale effect and does not affect the pattern of comparative
advantage). I assume throughout that a > 3, which is true empirically: the most polluting
sectors tend to be more capital intensive. This is without loss of generality, everything is
identical when a < [, and the analysis can be extended to a pure Ricardian model with

a = .2 T also define Kxq; as the total employment of capital in sector G:

1 1
Kxagr = Kxet + Kxar + / Kxcirdi + / K x gt di, (8)
0 0

9The only issue is that when the initial difference in comparative advantages is too small, it will be impossible
to rule out multiple equilibria with different patterns of comparative advantages.



and define similarly Lxg; the total employment of labor in sector G in country X. I could have
alternatively assumed that good G was produced with capital, labor and a CES aggregate of
clean and dirty intermediates without affecting the results qualitatively for a sufficiently large
elasticity of substitution €. In practice the clean input models non-polluting inputs that could
substitute for polluting inputs, for instance renewable energies to replace fossil fuel energy,
or bioplastics to replace traditional petroleum products (the functional form is discussed in
greater extent in AABH).

Market clearing for each factor in each country requires that:
Kxat+ Kxpr < Kx and Lxgt + Lxme < Lx, 9)
and market clearing for each good requires that:
Cnat + Csat < Ynat + Ysae and Cnpy + Csme < Yvue + Ysa (10)
Environment. The quality of the environment S; evolves according to
Sp =1+ A)Si—1 — & (Yane + Yast) (11)

whenever the right hand side belongs to (0, S), it is otherwise bounded above by S, the pristine
level of environmental quality, and below by 0. & measures the rate of environmental degra-
dation from the production of dirty input, and A is the regeneration rate of the environment.
Without loss of generality, I assume that Sy = S. Although some results require environmental
regeneration, the exact law of motion is not crucial (the only important assumption is that
if total emissions & (Yynt + Yys¢) become arbitrarily large, environmental quality goes to 0).
Note that 0 is an absorbing state for the quality of the environment: if the economy reaches
that point in finite time, it will stay there forever. I refer to such an event as “an environmental
disaster,” or as “non-sustainable” economic growth.

Innovation. At the beginning of every period, entrepreneurs are allocated monopoly rights
on the production of intermediates such that each entrepreneur holds monopoly rights on the
production of a finite number of intermediates for one period only. Moreover, entrepreneurs
can hire scientists to increase the productivity of their variety. By hiring sx,;; scientists, the
entrepreneur holding monopoly rights on variety i in sector z = H or subsectors z € {¢,d} can

increase the initial productivity Ax;;_1) of his intermediate to:

_1

I—y

Axoii— -

Axit = <1 + K8 it (M) 7) Axit—1), for z € {c,d, H}, (12)
zi(t—

where 0 < ¢ < 1, so that the innovation function ks‘ is increasing, concave and satisfies

the Inada conditions (the analysis could be generalized to innovation functions of the form



K((sxzit+ ) =T (%) ﬁ, with T > 0, which do not satisfy Inada condition, such
generalization will be useful in section 6). The concavity of the innovation function represents
decreasing return to scale in innovation during a single period (the more scientists innovate
on a particular technology during one period, the more they may reproduce the same type of
innovation). Ax; is the average productivity of (sub)sector z € {c,d, H}, at time ¢, defined

as:

1 1 1—
Ax = </ A;(Z}tdi> for z € {¢,d, H}. (13)
0

1

The factor AXZ(LI) represents decreasing return to scale in innovation (the more advanced
1

i
XzAEt—l)
spillovers from all the other intermediates in the same sector in the same country. These two

is a technology the more difficult it is to further innovate), A represent knowledge
last effects exactly compensate each other and do not create any inefficiency in the economy.
This formulation ensures that the innovation decision remains symmetric across varieties and
that aggregate productivity grows exponentially for a given mass of scientists working in the
(sub)sector. In both countries, there is a mass 1 of scientists, and market clearing requires
that:

1
/ (sxHit + Sxcit + Sxait) di < 1. (14)
0

Since entrepreneurs have monopoly rights for one period only, they will hire scientists so as
to maximize their current profits instead of the entire flow of profits generated by their innova-
tion. The allocation of scientists across (subsectors) is therefore “short-sighted”. One period
monopoly rights are the only inefficiency in innovation'® and allow to model in the simplest
way the “building on the shoulder of giants” externality. The existence of this externality has
long been recognized by the endogenous growth literature. In the specific context of climate
change it plays a crucial role in explaining why clean technologies have failed to really take
off so far, and why direct research incentives on top of carbon taxes are welfare improving
(this is the point made by AABH). As will become clearer below, one period monopoly rights
also help ensuring that the equilibrium is unique. With permanent monopoly rights and no
environmental externality, the efficient innovation allocation would be an equilibrium but not
the unique one (unless the discount rate is very large).

Further, note that there are no technological spillovers between countries and that technolo-
gies are country specific. Section 6 analyzes alternative scenarios. A fixed mass of scientists
in both countries allows me to focus on the direction of technical change only, and an equal
mass in both countries ensures that one country does not become arbitrarily large relative to

the other one (this assumption is relaxed in Appendix A).

'""When the environmental externality is corrected for, the allocation of innovation maximizes the welfare of
an infinitely impatient agent every period.
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Finally, it is important that innovation can occur in all three (sub)sectors. If innovation
were limited to clean and dirty technologies within the polluting sector, the North could not
build a comparative advantage in a specific sector which will be crucial here. With clean
innovation in the polluting sector only, the model would ignore all innovations that are directed
at increasing productivity without decreasing emissions - to some extent this is what Maria and
Smulders (2004) and Maria and van der Werf (2008) do - while, in fact, this is still the bulk of
innovation in manufacturing: Aghion et al. (2011) show that in the car industry there are more
“dirty” innovations than “clean” ones. If, on the contrary, only dirty innovations were available
in the polluting sector, it would not be possible to generate innovation to “replace” existing
polluting technologies, as the polluting sector and the non-polluting sector are complements
(0 < 1). In fact, the working paper version of AABH deals with such a case, where the two
sectors are substitutes (o > 1), but this may not be the best representation of inter-industry
trade between basic metals and machinery, for instance.

Policy tools. Section 4 solves an optimal allocation problem under some constraints and
does not restrict the range of instruments that a social planner can use. In the following section,
however, I restrict attention to some specific policy instruments (which will later be part of
the optimal solution). These policy instruments also turn out to be the types of policies
that countries are implementing (or consider doing so). More specifically, I will introduce
add-valorem taxes on the dirty input (7x¢), which are the equivalents of a carbon tax, and
sector specific research subsidies or taxes on scientists (as add-valorem subsidies or taxes on
the wage of scientists working in a specific sector).!! In addition, when I look at unilateral
policies for the North, I allow for an add-valorem trade tax on the polluting good G (because
of Lerner symmetry this is without loss of generality, the trade tax could also be on the other
good). Therefore, prices in the South are always equal to international prices: psgt = pgt and
psit = pHt, while in the North the price of good H is also equal to the international price
PHt = PNHt, but the price of good G is given by pnygt = pgt (1 + by), where by is the tariff (or
export subsidy). When the North is the only country intervening, I assume that trade balance

must be maintained, where trade balance writes as:

pat Ysar — Csat) + pat Ysar — Csme) = 0. (15)

Note that the tariff is not explicitly related to the carbon content of imports. When the
South does not undertake any policy, relating it explicitly to the average carbon content of
imports from a given country and in a given sector, would not change anything (each Southern

firm being atomistic, its impact on average emission is infinitesimal and so its behavior will

LA country may also implement a subsidy to the use of all intermediates identical across every subsector
to correct for the monopoly distortion. This subsdiy can differ across time and countries without affecting the
following results, as it has a pure scale effect.
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not affect the tariff it pays). To affect the behavior of Southern firms, the North would either
need to know the carbon content of its imports individually for each exporting firm - which
seems implausible - or the South would have to implement a policy in response to the North
tariff. I come back to these issues in subsection ?7.

Overall, a policy is characterized by a sequence of add-valorem taxes on the dirty input
Tx¢ in each country, a sequence of taxes and subsidies on scientists in every subsector, and
a sequence of trade taxes b; on the polluting good. All subsidies and taxes are financed (or

rebated) through lump-sum taxation at the country-level.

3 Equilibrium

In this section I consider policy as a given.

Definition 1 A feasible allocation is a sequence of demands for capital (Kxnt, Kxmit, Kxet,
Kxcit, Kxat, Kxair), demands for labor (Lxp:, Lxmit, Lxets Lxecits Lxar, Lxait), demands
for intermediates (xx.i for z € {c,d}, H), demands for inputs (Yxet, Yxat), goods production
(Yxce, Yxmt), demands for goods (Cxat, Cxmt), research allocations (sx.qi for z € {c,d}, H)
and quality of the environment Sy, such that in each period t and in each country X € {N,S},
factor and good markets clear ((9), (14), and (10) hold).

Definition 2 For a given policy, an equilibrium is given by a feasible allocation and se-
quences of wages of workers (wxy), returns to capital (rx), wages of scientists (vxy), (con-
sumer) prices for intermediates (¢, for z € {c,d}, H), (producer) prices for clean and dirty
inputs (pxet,Pxat), international prices of goods (pgt,pmt) for X € {N,S}, such that (i)
(©x 2it> TX zits SX zits K X zity Lx zit) mazimizes profits by the producer of intermediate i in sec-
tor z € {c,d, H} in country X, (i1) Lx.i, Kx. mazimize the profits of the producer of good
z € {e,d,H}, (iii) Yxer and Yxq mazimize the profits of producer of good G, (iv) Cxat and

Cx gt mazimize consumers’ utility under the trade balance constraint, (v) (15) is satisfied.

In the first subsection, I detail the behavior of the economy under laissez-faire; in particular,
I explain the pattern of trade and the allocation of innovation across sectors. In subsection 3.2,
I analyze how sustainable growth can be achieved with policy in both countries, and subsection
3.3 explains why taxing the polluting sector in the North only can fail at preventing a disaster.
Subsection 3.4 explains how a disaster can be avoided with unilateral policies in the North,

and subsection 3.5 discusses the results.

3.1 Laissez-faire

Trade pattern. This subsection analyzes the laissez-faire equilibrium, the full equilibrium

pattern is derived in Appendix B.1 (and generalized to positive carbon taxes). First, in each
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country aggregate production in each sector is written as:

Yxar = CAxat K LG, and Yy = CAxmi K5 LA (16)
1 = M — e—1 e—1 ﬁ : ..
with ¢ = (=T and Axqr = (AXct + Ath) is the average productivity of sector G

when there is no carbon tax. This formulation highlights that, in a given period, the model
collapses into a Heckscher-Ohlin model with varying productivity across countries. The South

has the comparative advantage in the polluting good G and exports it if and only if

_1 _1
<A5Gt> “F Ks <ANGt>°‘B Kn
AsHy Ls ANy Ly~

(17)

Trade results both from Ricardian forces (relative productivity) and Heckscher-Ohlin forces
(relative endowment). As long as the difference in comparative advantage is not too large,
both countries will produce both goods, but once it becomes sufficiently large one country fully

specializes and, if the difference in comparative advantage grow even further, both countries

fully specialize. Emissions are given by: Ex; = & ( ﬁfgi)e Yxg¢, so that the emission rate in
the polluting sector increases in the relative productivity of the dirty technology Axa:/Axct.
Over time, innovation will modify comparative advantage and the emission rate. I now describe
how innovation gets allocated across the different subsectors in laissez-faire.

Allocation of innovation. The innovation decision results from two forces: path depen-
dence in clean versus dirty technologies and amplification of comparative advantage. Entrepre-
neurs face a two stages problem. In the second stage, they choose prices in order to maximize
their profits given their productivity. Post-innovation profits in sector z € {¢,d, H} are given

by (see Appendix B.2):

AXzit
Ath

1
i
TX zit — (1 - ’Y) Y < ) sztYth' (18)

These profits are directly proportional to the revenues of their (sub)sector and increase with
the productivity of their intermediate Ax.;;. In the first stage, entrepreneurs hire scientists
to increase the productivity of their intermediate. Thanks to the knowledge spillovers (see
12), all monopolists in a given (sub)sector hire the same number of scientists, so that average

productivity evolves according to:
Axat = (1 + K’“"S(';:t)li’Y AXz(tfl) for z € {C, d, H} :

Path dependence in clean versus dirty technologies. First, I look at the allocation
of innovation within sector G (in the case where some good G is produced in the country,

otherwise sx. = sxq: = 0). Combining the first order conditions with respect to the number
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of scientists in the clean and dirty subsector (and assuming that some production takes place

in sector G in country X ), the allocation of scientists within sector G obeys:

1— e—1
SXet (1 + KSLXct) _ PxctYxet . AXct

1—e L B T gpe-1¢
Sxdt (1 + H/Sth) PxdtYxdt Ath

(19)

The second equality arises from the demand equation for both inputs in sector G and the
fact that their production technologies differ only by their level of productivity. The ratio
of revenues in the clean over the dirty sector increases with the ratio of clean over dirty
technologies. A larger average productivity leads to a larger market share for the input (so
if Axar > Axet, Yxar > Yxet), it also makes the input more expensive (pxar < pxet), but
when the inputs are substitutes, this price effect is dominated by the market size effect. Thus,
more scientists are allocated to the dirty subsector than to the clean subsector if and only if
Axae—1) > Axe(t—1), as long as the size of innovation & is sufficiently small (otherwise there
may be multiple equilibria when Ay g;_1) and Ay.;_1) are close to each other, see Appendix
B.2). Hence, in the polluting sector G, in the absence of government intervention, innovation
tends to be allocated to the sector already the most advanced: there is path-dependence.
Amplification of comparative advantage. Second, I look at the allocation of innovation
across sectors (assuming that production holds in both sectors, otherwise the problem is trivial).
Combining the first order condition with respect to the number of scientists in sector H and

in subsectors ¢ and d, I get:

Sﬁ(_c; (1+ ksyy) + Sﬁ(_st (1+rsq)  pxatYxar

. = :
sxp (1+ ks ) PxHtYX Ht

(20)

Therefore, for given ratio of initial productivities within sector G' (Axg¢—1)/Axe(t—1) given),
the larger the revenues in sector G relative to sector H, the more scientists will be allocated
to sector G.

In autarky, using consumer demand:

1—0o

PXHtYXHt _1-v <YXG>"
PxGtYXGt v ’

Yerr (21)

so that if ¢ = 1, innovation remains balanced between the two sectors as the right-hand side
term is a constant, while for ¢ < 1, innovation tends to occur in the smallest sector — that
is the sector with relatively lower productivity — and therefore becomes balanced between the
two sectors after a few periods where the laggard sector catches up. Since the two sectors are
complements, innovation will not disappear in one sector over time (as it does in the case of
clean versus dirty innovation).

Under free-trade, prices are equalized in the North and the South, so each country tends to
innovate relatively more in the sector it exports (and does so at equal ratio of initial productiv-

ities within sector ). As more innovation in a sector leads to a larger comparative advantage
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in that sector, which typically prompts more innovation in the same sector in the first place,
multiple equilibria could arise. With sufficiently small size of innovation s, however, changes
in productivities in the current period remain sufficiently small, that the innovation allocation

problem will have a single solution.'?> Therefore:
Lemma 1 If k is small enough, € < 00, + > 1/2 and o # [ the equilibrium is unique.

Proof. See Appendix D.1 =
From now on, I assume that s is sufficiently small and ¢ > 1/213 to ensure that the
equilibrium is unique (uniqueness of the equilibrium extends beyond laissez-faire to any policy

where the trade tax is null).'* T can then derive:

Lemma 2 In laissez-faire, if either the South initially has a weak comparative advantage in

1 1
A aPB K A aB K . .
sector G (—Agi((’)) —Lg > (7142’22) —LI]\‘,] and min (Agco/Asdo, Asdo/Asco) < min (Anco/Ando, ANdo/ANco),

1 1
i ; Asco | @8 Kg Anco \ =P Ky :
orif it has a strong comparative advantage (ASHO) o> (2 7-- and min (Asco/Asdos Asdo/Asco)

is sufficiently small, then every period more scientists are hired in sector G in the South

than in the North: ssgt > sSnagt; and, the South fully specializes in producing good G and
1 _1
the North in producing good H in finite time. If (ASGO)Q_B I]% = (ANG‘))a_ﬁ % and

ASHO ANHO
min (ASCO/ASdm ASdO/AScO) = min (ANCO/ANd07 ANdO/ANc0>; there 8 Mo tmde.

Proof. See Appendix B.2 m

Because countries tend to innovate more in the sector they export, the difference in the
allocation of research across sectors builds up over time and the relative productivities of both
sectors become so different that the two countries eventually fully specialize. Conditions on
min (Axco/Axdo, Axdo/Axco) are necessary for the following reason: The incentive to innovate
in sector G and the growth rate of the average productivity of sector G for a given mass
of scientists in that sector depend on the initial relative productivities in clean and dirty
technologies Axct—1)/Axar—1) (both decrease when Ax.u;—1)/Axqi¢—1) is close to 1); with
the assumption of the lemma, this aspect does not prevent innovation from going to the
sector of initial comparative advantage. Such an assumption can be dispensed with when the

inputs are perfect substitute (¢ = o0). This increase in comparative advantage effect is where

21f monopoly rights were permanent, a large discount rate would also be necessary to ensure that the
equilibrium is unique. Otherwise, since innovation would tend to be allocated towards the sector where the
economy would eventually specialize in, anticipations of the long-run pattern of specialization would be self
fulfilling. Similarly, within the polluting sector, if entrepreneurs expect the economy to move towards a clean
path in the future, they will start innovating in clean.

13Without this condition there may be situations where an equilibrium wihtout full specialization coexists
with an equilibrium with full specialization. However, this would not affect the results of this section, the results
of section 4 also hold as long as the interior equilibrium is chosen whenever it is possible.

" For & = 0o, there is unicity except if (1+x (1)) < Axeo/Axa0 < (1 + 1 (1)) .
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the mechanics of the model bear some resemblance with the infant industry argument, as
initial comparative advantage affects the path that the economy undertakes. Here, however,
increasing specialization is not detrimental to the long-run growth of private consumption
in any of the two countries. In fact, growth is maximized when there is full specialization,
since in this case there is no overlap between innovations across countries. Instead, it will be
detrimental to welfare if production of the polluting good ends up taking place in a country

unwilling to implement any environmental policy.

3.2 Avoiding a disaster with policy in both countries

If the dirty subsector is more advanced than the clean one in both countries, then under laissez-
faire, innovation in sector G is continually directed primarily towards dirty intermediates.
As innovation necessarily keeps occurring in both sectors,!® the production of good G and
emissions grow unboundedly. At some point the regeneration capacity of the environment
becomes overwhelmed and the economy reaches a disaster.

Using clean research subsidies, taxes on dirty research or even a carbon tax, a global gov-
ernment could redirect innovation from the dirty towards the clean subsector in both countries.
Once clean intermediates will have acquired a sufficient lead over dirty intermediates, market
forces will ensure that research is continually directed mostly towards the clean subsector (now
the most advanced). Eventually, the emission rate of the polluting good goes towards 0, and
a disaster can be avoided if the initial environmental quality is large enough. This analysis is
similar to AABH and is presented here to provide contrast with the unilateral policy case. It

can be summarized in the following remark:

Remark 1 No matter how large S is a disaster occurs in the laissez-faire equilibrium if clean
technologies are less developed than dirty ones (Anq < Ango and Ageo < Aggo). For suffi-
ciently large S, temporary clean research subsidies, taxes on dirty research, or carbon taxes in

both countries can prevent a disaster.
Proof. See Appendix D.2 m

3.3 Taxes on the polluting good in the North only

Assume now that only the North can implement some policy. Can it avoid an environmental
disaster alone? First note that in autarky and without knowledge spillovers, no policy in

the North could prevent a disaster, as emissions in the South alone would grow unboundedly

5The exporting country innovates more in the polluting good than it would under autarky and, since goods
G and H are either complements or Cobb-Douglas, innovation does not disappear within the polluting good
under autarky.
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regardless of what the North does: trade is necessary to avoid an environmental disaster

without international cooperation. Now one can show:

Lemma 3 If clean technologies are less developed than dirty ones in the South Ageo/Asqo < 1,
then, to prevent a disaster, all factors in the South must be asymptotically allocated to the non-

polluting sector H, and the North must export the polluting good G in the long-run.

Proof. See Appendix B.3 =

In other words, the key to avoid an environmental disaster with policies in the North only
is to ensure that the South economy asymptotically fully specialize in the non-polluting sector.
If the South were to keep allocating a positive share of labor and capital to the polluting sector,
the mass of scientists allocated to the polluting sector in the South will never go to 0 either
(since the two goods are complements). The production of polluting good in the South would
become unbounded, and without an environmental policy in the South, so will emissions.

In this subsection, I focus on taxes on the polluting good in the North (a carbon tax or
a tax on dirty research), which are non-protectionist policies. Both can reduce emissions in
the North and prompt clean innovation there, and could prevent an environmental disaster if
the North were alone or if the South were to undertake the same policy, but such policies may
be incompatible with a South specializing in the non-polluting sector and therefore may be

unable to prevent an environmental disaster.

Proposition 1 No matter how large S is, no combination of a carbon tax and a tax on dirty re-
search can prevent a disaster if clean technologies are less developed than dirty ones in the North
Anco/ANndo < 1, clean technologies are sufficiently less developed than dirty ones in the South
(Asco/Asdo is sufficiently small and in particular Anco/Ando = Asco/Asdo), and the South
has a weak initial comparative advantage in the polluting sector (ASGO/ASHO)alfﬁ Kg/Lg >
(Anco/Anuo) ™7 Ky /Ly

Proof. See Appendix B.4 =

This result follows lemmas 2 and 3. Under laissez-faire and with the assumptions of the
proposition, the South would keep the comparative advantage in the polluting sector or (in
the knife edge case) there would never be trade. Using a tax on dirty research or a carbon
tax, the North government cannot reverse this pattern. On the contrary: a tax on dirty
innovation drives scientists away from the polluting sector G towards the non-polluting sector
H, and, within the polluting sector it allocates innovation towards the initially backward clean
subsector, further reducing the growth rate of the average productivity Ayg¢. A carbon tax
has the same effect on innovation and also directly reduces the productivity of the polluting

sector in the North. As both instruments increase the costs of producing the polluting good
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in the North, they lead to an increase in its world relative price. This induces an increase in
the production of the polluting good G in the South and therefore more emissions: this is the
classic pollution haven effect. As the relative revenues of the polluting sector increase in the
South, more innovation there takes place in the polluting sector, where it is mostly directed at
the dirty technologies.

North domestic taxes on the polluting good can therefore only accelerate the specializa-
tion of the South in the polluting sector. Because the growth rate of the polluting sector is
maximized when the South fully specializes in it, it is likely that such policies lead to faster
environmental degradation (in addition, since the gap between clean and dirty technologies in
the South grows faster, the emission rate grows faster as well). Of particular interest is the
knife edge case where the South has no comparative advantage ((Asgo /ASHO)ﬁ Kg/Ls =
(ANGO/ANHO)Q%B Ky/Ly and Anco/ANndo = Asco/Asdo). In this case, there would be no
trade in laissez-faire, but because of the pollution haven effect, the policy intervention tips the
balance towards a comparative advantage for the South in sector G, which then builds on itself
over time.!6

In the proposition, the condition that Ag.o/Asqo must be sufficiently small (and not simply
smaller than 1) is necessary for the same reasons as in lemma 2: with the ratio of clean over
dirty technologies further from 1 in the North than in the South, more innovation in the
polluting sector might take place in the North than in the South even if the South exports
the polluting good.'” Importantly, the value of S has no bearing on how small the initial
ratio Agc0/Asdo needs to be. Such conditions can be dispensed with if the initial comparative
advantage is sufficiently large or when e = oo (in which case, Ageo/Agqo < (14 &)~ would
be enough). In the pure Ricardian case o = 3, the proposition holds provided that the initial
comparative advantage is sufficiently large (otherwise there may be multiple equilibria and
in some of them the North may specialize in the polluting sector). Finally, if the North has
the initial comparative advantage in the polluting sector G, the pollution haven effect still
pushes the South towards specializing in the polluting sector, but the amplification of initial

comparative advantage effect now pushes in the other direction.

1674 i already possible in a static model that an increase in the carbon tax in the North (7n¢) leads to an
increase in world emissions if the South uses relatively dirtier technologies than the North. Here, the dynamic
aspects amplify the static pollution haven effect, so that in the long-run non-protectionist policies cannot prevent
a disaster.

"More specifically, the incentive to innovate in sector G is lower when the revenues in the clean and dirty
subsectors are close to each other, that is when Ai{c}t_l) and (14 7x¢)"° Ai{;(t—l) are close to each other. With
a tax on dirty research only, it is possible to get Ana:/Anet < Aset/Asqr at some point once clean technologies in
the North have caught up with dirty ones, by preventing any research in dirty technologies. A sufficiently large
carbon tax can make the dirty subsector arbitrarily less profitable than the clean one in the North, regardless
of relative technologies. The assumption on Agco/Asqo ensures that the difference in comparative advantages
becomes sufficiently large should the revenues ratio in clean over dirty be further than one in the North than in
the South.
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3.4 Introducing clean research subsidies and tariffs

The previous policies failed a preventing an environmental disaster when the South had the
initial comparative advantage in the polluting sector because they could not reverse the pattern
of trade. Clean research subsidies can reallocate innovation from the non-polluting sector H
towards clean technologies in the North and therefore they may be able to reverse the pattern

of trade. Surprisingly, I can show:

Proposition 2 If final consumption is Cobb-Douglas in the polluting and non-polluting goods
(o0 = 1), there exist initial factor endowments and technologies such that no matter how large
S is, no combination of a carbon tazx, a tax on dirty research and a subsidy on clean research

can prevent a disaster.

Proof. See Appendix B.5.1 =

Therefore, clean research subsidies may still fall short in preventing an environmental dis-
aster if enacted alone - even though clean research subsidies have a protectionist aspect since
they are an indirect subsidy to the polluting sector. This occurs when the South fully special-
izes in the polluting sector and clean technologies in the South are sufficiently less advanced
than dirty ones. In this case all South scientists are allocated to the polluting sector and
asymptotically all of them to dirty technologies. Therefore, even if the North were to allocate
all its scientists to clean technologies, Aga: would grow as fast as Ayge. Such a situation
is irreversible in the Cobb-Douglas case, and an environmental disaster cannot be avoided.
When the two goods are strict complements (o < 1), on the contrary, when both countries
innovate in the polluting sector only, the demand for the non-polluting good becomes so large
that the South cannot stay fully specialized.'® Full specialization in the South will happen in
the first place if its initial comparative advantage in the polluting sector is sufficiently large or
if clean technologies are sufficiently backward in the North (as the average productivity of the
polluting sector in the North Ayg: grows slowly during the period where clean technologies
are catching up with dirty ones there).

Finally, I consider that the North can implement a tariff:

Proposition 3 A combination of a temporary tariff and a temporary clean research subsidy in
the North can prevent a disaster provided that the initial environmental quality S is sufficiently

large.

Proof. See Appendix B.5.2 =

'8 Note, however, that in the strict complement case o < 1, averting the disaster with clean research subsidies
when there is full specialization in both countries is possible only if the North government can still allocate
research to the clean subsector even though no clean machines are produced. See Appendix D.3.
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While clean research subsidies allow to redirect innovation in the North towards clean
technologies, the tariff affects innovation in the South by preventing the South from specializing
“too much” in the polluting sector.'® As long as the initial environmental quality is sufficiently
large, a combination of these two policies can prevent a disaster. For instance, the following two
phases approach works. In a first phase, the social planner implements a tariff large enough to
shut down trade, and sufficiently large clean research subsidies that all scientists in the North
innovate in the clean subsector. Innovation in the South must then be balanced between the
polluting and non-polluting sectors. As a consequence, not only do clean technologies become
more advanced than dirty ones in the North, but the North builds a comparative advantage in
the polluting sector G, since it innovates relatively more in the polluting sector than the South
does. Once Apci—1)/Ande—1) is sufficiently large, the social planner can stop all policies:
following lemma 2, sector G production ends up fully moving to the North (where it has
become clean), and a disaster can be avoided.

Good-based carbon content tariff. As discussed in section 2, without policy in the
South, the only way for the North to directly affect Southern firms’ emission rates is to know
the carbon contents of each imports at the firm level, which, without any cooperation from the
South, seems impossible. Nevertheless, it is interesting to mention this case as a benchmark
(and it is more relevant when there are only few exporters in the South). In this case, when
the South has the comparative advantage in the polluting good, the dirty input will taxed for
the exports market. If clean technologies are not too backward in the South, and the export
market is relatively large (which is possible if the South is small and has a large comparative
advantage), a switch to clean technologies in the South is possible, and a reversal of comparative
advantage may not be necessary.’. When the South is willing to undertake some form of
policy on the other hand, a realistic approach would be to relate the carbon tariff with average
emissions from a given country in a given sector. In this case, the South government would
internalize that the tariff depends on its policy and could be incentivized to undertake some
environmental policy on its own. Such an analysis would be very interesting but is beyond the

scope of this paper. Appendix A presents other direct extensions of the model.

3.5 Discussion

The following lessons can be derived from the previous analysis. First, the pollution haven

effect becomes worse in a dynamic setting. Taxes on the polluting sector in the North risk

19Tn the presence of a tariff, the equilibrium may not be unique when o < %, but this does not affect the

analysis, since a sufficiently large tariff can always prevent the South from fully specializing in sector G.

20Note that such a trade tax makes sense as a tariff only, not as an export subsidy. A combination of clean
research subsidies and a good-based carbon content tariff can always prevent a disaster for sufficiently large
environmental quality, provided that it is possible to direct scientists towards clean research in the North even
when the polluting sector there is not active.
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leading the economy to a path where the South has the comparative advantage in the polluting
sector. As comparative advantage tends to get reinforced over time, the bulk of production of
the polluting sector ends up occurring in the South, dramatically hampering the effect of the
initial intervention on worldwide emissions. To ensure sustainable growth without cooperation
from the South, the North must undertake a temporary industrial policy in order not only to
make the polluting sector cleaner but also to get the comparative advantage in the polluting
sector.

Second, trade acts as a double-edged sword. In laissez-faire, trade leads to specialization,
which maximizes long-run growth and therefore leads to faster environmental degradation.
Moreover, because of the pollution haven effect, trade makes non-protectionist policies less
efficient. However, if well managed, trade is key to avoid a disaster in a non cooperative world,
since once the North has developed its clean technologies sufficiently, trade forces ensure that
pollution will decrease in the South too.

Third, directed technical change also acts as a double-edged sword. Relative to a model
where technological levels grow exogenously at an equal rate, directed technical change accel-
erates economic growth and environmental degradation, and reduces the benefits from non-
protectionist unilateral policies through the South innovation response. On the other hand,
avoiding a disaster with unilateral policies only may be impossible without directed technical
change regardless of the initial environmental quality: When clean technologies are too back-
ward relative to dirty technologies, even if the North produces only the clean input and exports
all its production (which can be achieved with sufficiently large export subsidies), the South
may still have to produce some of the polluting good itself to satisfy its own consumption, in
which case emissions in the South grow unboundedly. For some parameter values averting a
disaster with policies in the North only and without directed technical change is possible, but
requires a permanent growing export subsidy, and an unbounded carbon tax. I come back to

the role of trade and directed technical change in the calibration section.

4 Optimal policy

I now analyze the optimal policy. I consider a social planner who cares only about world

consumption and the quality of the environment, and seeks to maximize the function:

= 1 (w(S) (Chet Cse)' T
U_;(l—l-p)t i : (22)

where p > 0 is the discount rate, and 1 > 0 is the inverse elasticity of intertemporal substi-
tution. I further assume éin% v(S) =0 and v (?) = 0, which implies, first, that a disaster is

as detrimental to welfare as zero consumption and, second, that the marginal damage of the
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first unit of pollution is zero. The social planner tries to correct for the environmental and
knowledge externalities, as well as for the monopoly distortion.

This objective function is a Bergson-Samuelson social welfare function if the economic
agents live for one period in the North and in the South. However, except when n = 0, it is
not a Bergson-Samuelson social welfare function if the economic agents live infinitely, since it
cannot be written as a function of the utility of one representative agent in the North and one

in the South. On the contrary, the social welfare function given by:

. SO 1—
U= tz:l+p -7 (CNtn+CStn>7 (23)

is a Bergson-Samuelson social welfare function with agents living infinitely. The (well-known)
problem in this case is that the social planner would want to redistribute from the richest to
the poorest country, as a positive 17 also measures an aversion to inequality. For the main
analysis, I abstract from redistribution issues, and therefore focus on the formulation given by
(22), but I discuss the alternative set-up (23) in the text.

In the first subsection I briefly characterize the first best policy, which generalizes the
analysis of AABH. In the second one, I study the second best case where the social planner
cannot intervene in the South (the main focus of this paper), and in the third, I look at the

optimal policy from the viewpoint of a social planner who cares only about the North.

4.1 First best

In the first best, the social planner maximizes (22) under the production function equations
(1), (2), (3), (5), (6), (7), the factor market clearing equations (9), (14), the good market
clearing equations (10), the environmental degradation equation (11) and the accumulation of

knowledge equations (12). I can then show:

Proposition 4 The first best policy needs to be decentralized through a combination of a carbon
tax in the North and in the South (with the same price for carbon), research subsidies/taxes in

the North and the South in both sectors, and a subsidy to the use of all intermediates.

Proof. See Appendix B.6 =

Each instrument allows the social planner to correct for one distortion. First, the under-
utilization of intermediates due to monopoly pricing is corrected by a subsidy 1 — v to all
intermediates. Second, the environmental externality is corrected by a carbon tax in both
countries which equalizes the marginal cost of the tax in terms of lower consumption at the
time, with the marginal benefit of higher environmental quality in all subsequent periods from

avoiding one unit of pollution (carbon taxes in the North and the South differ in add-valorem
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form across countries but are identical as a per-unit of CO; tax). Finally the social planner
corrects for the myopia of monopolists in their innovation decisions. Instead of allocating sci-
entists across sectors depending on the revenues generated by their effort in their sector in the
first period, the social planner allocates them according to the discounted value of the entire
stream of additional revenues generated by their innovation. More specifically, instead of (19)
and (20), scientists are now allocated across the dirty, clean and H (sub)sectors according to:

—1 —1

SXHt SXct Sxat
E B Y, = B = adt B Y. 2
1+ ’{SXHt Z s tpHs Hs = 1+ K'SXCt Z s thcs cs 1+ I{,Sth E s thds ds» ( )

where pxcs and Dxgs denote the shadow price of the clean and dirty inputs in country X, pys
Bu
1 (CNS+CSS7SS)

is the effective discount factor
(14p)" " 6" L (Cne+Cis¢,St)

the shadow price of good H and Bs; =
between period s and t.

Since the utility flow is minimal during a disaster and the social planner can always reduce
world emissions, the optimal policy always avoid a disaster. The following remarks further
characterizes the optimal policy and establishes conditions under which a switch to clean

innovation occurs in one country - as in remark 1.

Remark 2 The social planner avoids a disaster. If the discount rate p is sufficiently small and
the inverse elasticity of intertemporal substitution 1 < 1, innovation in sector G switches to
mostly clean innovation, both countries reach full specialization in finite time, and the carbon

tax is temporary.

Proof. See Appendix B.7 m

The intuition is the following. With the inverse elasticity of intertemporal substitution
1n < 1 and a sufficiently small discount rate, the optimal policy maximizes the long-run growth
rate while avoiding an environmental disaster. A switch towards clean innovation allows the
polluting sector to keep growing at a positive rate while avoiding a disaster (the alternative
would be to keep relying on dirty technologies, but with a permanent large carbon tax).
Moreover, long-run growth is maximized if each country innovates only in its own sector (as
innovations in one country and the other do not add up), and in this case, the difference in
comparative advantage becomes so large that both countries end-up fully specializing. Since
the dirty input becomes a negligible part of the production process, emissions vanish, and the
quality of the environment goes back to S, ensuring that the carbon tax itself reaches zero in
finite time.

Interestingly, the country exporting the polluting good is not necessarily the one where
consumption is reduced the most due to environmental policy. Indeed, the reduction in the
production of the polluting good creates a terms of trade effect beneficial to the polluting

country. When final consumption is Cobb-Douglas (¢ = 1), and the policy intervention does

23



not affect the pattern of specialization, long-run consumption is reduced proportionally in both
countries relative to laissez-faire (or to a case without the environmental externality). Once
countries are fully specialized, the country exporting good G has a fixed income share of v.
When the goods are strict complements (o < 1), the country exporting good G in the long
run actually ends up having a larger share of world consumption as the terms of trade effect
is stronger.

Finally, under the alternative specification (23), the only difference is that the social planner
will use a monetary transfer to ensure that in every period Cn; = Cg: production and

emissions follow the same pattern.

4.2 Second best

I now turn to the case where the social planner cannot implement any policy in the South

21 and cannot transfer income from one

(the economy there must behave as in laissez-faire),
country to another (so that trade balance must be maintained at every point in time: there is
no international lending). The second best policy is defined by the social planner maximizing
(22) under the following constraints: (1) for the North and the South, the constraints ((2),
(3), (5), (6), (7), (9), (14), (12)) for the North only; the environmental degradation constraint

(11), market goods clearing in both countries, which are now written as:
Cnyt = Ynyt + My and Csyy = Ysyy — Myy, for Y € {G,H}, (25)
where My; denotes net imports of the North of good Y, the trade balance constraint
ptMat + Mpe =0, (26)

where p; = pat/pm: is the international price ratio, and constraints describing the laissez-faire
economy in the South. These constraints (detailed in Appendix B.8) are given by a consumer

demand equation:

Cs L
Csa __ VO Shy _
Cs 1 = Pt (27)

0Csy (]. - V) CS;Gt
offer equations in the South of the type:

Ysat = ysa (pt, Asce, Asue) and Ysue = ysu (pe, Asat, Asmt) (28)

an emissions equation Ysg = (Agar/Asct) Ysat, an equation giving the total mass of scientists

allocated to sector G,

ssat = $sG (P, Asdts Aset, AsHt) 5 (29)

21T simplify the exposition, however, I assume that the optimal subsidy to the use of all intermediates is
implemented in the South: this is without any loss of generality, since the subsidy only has a scale effect.
Moreover I consider that the equilibrium in the South is unique given the innovation allocation in the North -
which generally requires x sufficiently small and o > 1/2.
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and the resulting law of motion of aggregate productivity in the South - where the allocation

between clean and dirty innovation is uniquely determined given the total mass sggy and the

ratio Aser—1)/Asa—1)-

Asmy = (L+r1—sse))' " Asag-1), (30)

Ase(i-1) =1\’
Agsy = I+ k| ss2t | Ssats m ASz(t—l)a for z € {Ca d} (31)
t—1

First, note that when the inverse elasticity of intertemporal substitution n > 1, a disaster
brings a utility of —oo, the social planner will then prevent it whenever it is feasible. As shown
in Appendix B.9, the social planner also prevents a disaster whenever it is feasible if n < 1 and

the discount rate p is sufficiently small.??

Proposition 5 The second best policy needs to be decentralized through a carbon tax in the
North, research subsidies/tazes in the North, a subsidy to the use of all intermediates and a

trade tax.

Proof. See Appendix B.8 m

In this second best scenario, the social planner uses the same instruments as before to
address the inefficiencies of the economy in the North: a subsidy to the use of all intermediates
(for the monopoly distortion), a carbon tax, and research subsidies in order to allocate scientists
as in (24). The trade tax is the optimal way to affect prices in the South, which is the only
channel through which the social planner can intervene on the South economy; it is therefore
the only instrument that he uses to influence the South economy. In Appendix B.8, I derive an

implicit equation for the value of the optimal trade tax (95), which takes the following form:

Asar \“ = (1+ AN ou
- R I = (C Cgs, S
Cltg (ASGt ; 1+ p St,.,,55<58s ( Ns + Cgs, s)
Ssi Sey Ossar so b Osge
dc _ °SHt A _ Sdt A . Sect c A
2t <1 + RS, PsHe+14SHI+1 — 7 + kSl 055Gt Hsdi+142Sdi+1 — 7 + kst Ossar HSet+14Sct+1
+termse

where f; (b;) is an expression that has the sign of b;, ¢1; and cg; are positive coefficients when the

South is not specialized and null otherwise (when the South is at a corner of specialization,??

the coefficients can be positive or null), 115,11y denotes the social value of a productivity unit

22In this case a social planner always favor a path where the utility flow is unbounded , which is not possible
when a disaster occurs.

23That is when the South is fully specialized in one sector but a firm could produce an infinitesimal amount
of the other good without making losses.
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in the South in (sub)sector z € {c,d, H}. This formula highlights the two motives behind the
trade tax. The first term is always positive and represents the environmental motive: in the
South, pollution through dirty input production escapes taxation, and a positive trade tax on
the polluting good G (that is a tariff or an export subsidy) reduces the relative price of good G
in the South, which reduces its production and therefore emissions in the South. The second
term is a correction for the myopia of innovators in the South; it represents the difference
between the social value of an additional scientist in the non-polluting sector H and one in
the polluting sector G on welfare for all subsequent periods. In principle, it could be of either
sign, but in practice it ends up being positive, also pushing towards a positive tariff or export
subsidy. According to lemma 3, the South must at least asymptotically fully specialize in the
non-polluting sector to prevent an environmental disaster. Therefore, current innovations in
the polluting sector are of little (or no) use in the future. A positive trade tax on the polluting
good G tilts innovation in the South away from that sector. The third term (termg;) has an
ambiguous sign but goes to zero as the gap between clean and dirty technologies in the South
increase.?* Overall, the trade tax is generally positive, taking the form of a tariff or an export
subsidy when the North is the exporter of the polluting good.

To better relate my analysis with the literature, I derive in Appendix D.4 the following

condition for the social optimum:

M, Opt @ ﬁassGt _ ﬂaYSGt Opt - 0Cgy

e+ Maigaz; — 9Cne PV T N Opc ) OMg; — 9Cscs (33)
1+ Mg Opt 9CN¢ ¢ Ossar _ wi Vst Ops _ 9Cg:
OM g OCN Ht At Opt Xt Opt oM 3C sz

where )\; is the social value of an additional unit of world consumption at time ¢ and ¢, is the

social value of moving an infinitesimal mass of scientists in the South to sector G. M¢y 8‘?\%

and Mgy 8%; measure the terms of trade effect of an additional unit of imports in sector G
and H respectively. This equality stipulates that the ratio of the cost of imports for the North
(prices plus terms of trade effects) must be equal to the ratio of marginal social benefit, which
include more consumption of the imported good in the North, less consumption in the South,
environmental damage, and the impact on innovation. Under the alternative specification (23),
the only difference is that the trade tax is also used in order to favor the poorest country: When
the South is the poorest, it will push towards a smaller tariff - when the South exports the
polluting good G - but then towards a larger export subsidy.

The following proposition further characterizes the second best policy by deriving condi-

tions under which the South fully specializes in finite time in sector H and a switch to clean

24 This term is fairly technical. It reflects that if more Southern scientists are allocated to sector G today, then
for a given number of scientists allocated to sector G tomorrow, more will be allocated to dirty than to clean
technologies. Since Aget/Asar — 0, nearly all innovation in sector G ends up occuring in the dirty subsector
very fast, so this term goes to zero. It could be positive or negative, as the higher consumption value for dirty
innovation is tempered by the environmental externality.
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innovation occurs in the North.

Proposition 6 Assume that clean technologies are less developed than dirty ones in the South,
Agseo < Agdo, that there is no intervention in the South, but that avoiding a disaster with policy
in the North only is feasible. If the time discount rate p is sufficiently small, and either the
polluting and non-polluting goods are strict complements (o < 1), or the inverse elasticity
of intertemporal substitution n < 1, then, under the second best policy, both countries fully
specialize in finite time (the South in the non-polluting sector H and the North in the polluting
sector G ), innovation in sector G switches to being mostly in clean technologies, and the optimal

trade tax and carbon tax are temporary.

Proof. See Appendix B.9 m

The intuition behind this proposition is similar to the intuition behind remark 2, with the
caveat that now the South must not specialize in the polluting sector G. When the inverse
of the elasticity of intertemporal substitution n < 1, the logic is identical: long-run growth
(and therefore welfare for sufficiently small discount rate) is maximized when both countries
fully specialize and the country producing the polluting good switches to clean innovation.
The optimal trade tax must equal zero once the South is fully specialized (and not at a corner
of full specialization), and once the environment has recovered, the optimal carbon tax also
becomes equal to zero. The analysis can be extended to the case n > 1 if goods G and H
are strict complements (o < 1). When n > 1, for sufficiently low discount rate, the optimal
path must feature a utility flow growing unboundedly. When the two goods are complements
(o0 < 1), this translates into production growing unboundedly in both sectors. Production of
the polluting good can grow unboundedly only in the North and if a switch to clean innovation
occurs. One can then show that if production of good G grows unboundedly in the North but

remains bounded in the South, both countries eventually specialize.

4.3 Optimal policy for the North

I now briefly discuss the case of a North social planner, whose objective is to maximize U =

§ 1 u(S)' "
t:0(1+p)t 1-n

resolution and a more detailed analysis than below are provided in Appendix D.5). Proposition
5 still holds and only the trade tax is modified. (33) is replaced by:

C}V_tn, under the same constraints as in the second best case above (a full

b) IC Nt b Ossar _ wit OWsar | _Ope
pe+ Matzag,  90na T (,\t ope T N Ope ) 9Ma

5 =
1+ M, Dt IC N+ @ Ossge _ wi OYsar | _Opt
+ Mo IMpu OCNHt At Ope At Ope OM 4

9

as the social planner no longer takes into account South consumption. Terms of trade concerns

now matter for the sign of the optimal trade tax: they will push towards a tariff when the
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North imports but then towards an export tax, while environmental concerns push towards a
tariff initially and then an export subsidy. One can then initially expect a positive tariff, and
eventually, as the environment recovers and the North exports the polluting good, an export

tax. Further, the optimal North policy can be characterized by:

Proposition 7 Assume that clean technologies are less developed than dirty ones in the South
Asco < Agdo, and that avoiding a disaster with policies in the North only is feasible, then under
the optimal North policy: (i) The South must asymptotically be at the corner of specialization
in the non-polluting sector, and the trade tax is permanent. (ii) If the time discount rate p
18 sufficiently small, and either the polluting and non-polluting goods are strict complements
(0 < 1), or the inverse elasticity of intertemporal substitution n < 1, a positive mass of
scientists is asymptotically allocated to clean technologies in the North (asymptotically all of

them when n < 1) and the share of scientists allocated to the dirty subsector tends to zero.

Proof. See Appendix D.6 m

As in the case of the world social planner, the optimal North policy involves avoiding a
disaster and positive growth so that a switch to clean technologies in the North must happen
(but the North does not necessarily fully specialize). Following lemma 3, the South must move
towards full specialization; however, here, the North uses a (permanent) export tax in order
to maintain the South approaching the corner of full specialization or just at the corner of full
specialization. The reason is the following. If the South is fully specialized in good H (not at
the corner), an export tax does not affect its production. Since the South does not produce
the polluting good, and since both goods are complements, the demand for the polluting good
is so large that the South is ready to give up nearly all its production of good H to consume
a bit of good G. Therefore, the North increases the price of good G in order to receive more
and more of good H, up to the corner point where an increase starts affecting the production

pattern in the South.

5 Stylized Calibration

In this section I carry a simple calibration exercise in order to illustrate the previous results.
This exercise should not be taken as a careful quantitative assessment; the level of aggregation
of the model is too high for that. In particular, I show how both trade and directed technical
change act as “double-edge swords”: they tend to accelerate environmental degradation in
laissez-faire and when the North undertakes only non-protectionist policies, but they help

prevent a disaster when the North undertakes the appropriate policies.
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5.1 Parameter choices

I provide a brief description of the calibration, further details are given in Appendix C. I define 1
period as 5 years and the initial values are based on the world economy in 2003-2007, assuming
laissez-faire in both countries. For simplicity, I assume that the polluting and non-polluting
goods enter in final consumption in a Cobb-Douglas way (0 = 1), and that the elasticity of
intertemporal substitution is equal to 1 (n = 1) - as in Golosov et al. (2011). The annual
time discount rate is 0.015 as in Nordhaus (2008). I identify the North with the countries
in Annex I of the Kyoto protocol (the countries submitted to binding constraints on their
emissions) and the South as the rest of the world. Data availability restricts the number of
countries studied but the sample includes the most important countries (the North comprises
33 countries and the South 18). To identify the polluting and non-polluting sectors, I rely on
the IEA data on sectoral emissions of CO2 from fossil fuel combustion across the world (IEA
(2010a)) and on the UNIDO data on sectoral value added (UNIDO (2011)). I restrict attention
to manufacturing and compute at the available aggregation level the world rate of emissions
per dollar of value added in each sector. The sectors with the highest rate are identified
with sector G and the other ones with sector H (and, according to the model, I ignore the
emissions coming from sector H). In practice, the polluting sector corresponds to manufacture
of chemicals and chemical products (ISIC code 24), of other non-metallic mineral products (26)
and of basic metals (27).2% 1 find that the South production is tilted towards sector G relative
to the North production (Yngo/Ysco X Ysmo/Ynmo = 0.77), which in the framework of the
model corresponds to the South having a small initial comparative advantage in the polluting
sector GG. From world production in sectors G and H, I compute the consumption share of
good G (v = 0.257) when the economy consists only of sectors G and H.

I compute the capital factor share from the ratio of capital compensation over labor com-
pensation in both sectors in the US with the EU KLEMS dataset (Timmer, O’Mahony and
van Ark (2008)), and find a capital share & = .5 in the polluting sector, and 8 = .3 in the
non-polluting one. A unit of a good is defined as the quantity with a value added worth one
billion of dollars in 2000. Factor shares and initial production values are enough to determine
the initial productivity adjusted endowments, which, with the initial ratio Ax.o/Axdo, are all
that matter for the economy when knowledge is purely local.?6 I fix v = 1/3, which is a com-
mon value in endogenous growth models. For the elasticity of substitution between the clean

and the dirty input €, I choose ¢ = 5, the medium value used in the working paper version

25 GQector H corresponds to the other sectors in manufacturing except 23, 25, 33, 36 and 37 for which data are
not available.

20 Nevertheless, I do not assign arbitrary values for endowments, but choose Lx as total employment in sector
G and H in country X, and Kx as total capital formation in both sectors in country X (from the UNIDO
database).
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of AABH.?" For the innovation function I choose ¢+ = 1/4 (numerically this parameter has a
limited impact) and & is adjusted so that the long-run growth rate of the economy is 2% a
year.

The quality of the environment S; is linearly negatively related to the atmospheric concen-
tration of CO3 (the assumption that Sy = S is relaxed and the initial environmental quality So
is set such that it corresponds to the current atmospheric concentration of 379 ppm). To better
relate the paper with the rest of the numerical literature, the law of motion (11) is replaced
by:

S—8=(1-A)(S=S5-1)+&Ynar + Ysar) , (34)

(with bounds at 0 and S). This law of motion is used by Golosov et al. (2011) amongst others.
A is calibrated such that at current levels around half of CO5y emissions are absorbed and do
not add to atmospheric concentrations. Under this alternative specification, the environment
never fully recovers; therefore the optimal carbon tax is asymptotically null instead of being
null in finite time.?® I compute the emission rate in the North and in the South in sector G,
the South’s rate is nearly four times as large as the North’s. Such a large difference cannot
be accounted for by the model if Ayg9 > Anco and the emission rate per unit of dirty input
(§) is identical in both countries. Since Ay, > Ango would be very unrealistic, I relax the
assumption that the emission rates per unit of dirty input are the same in both countries. To
derive a proxy for Axc0/Axdo, I use IEA data (IEA (20100)) and identify the ratio Yx.o/Yxd0
with the ratio of the production of nonfossil fuel energy over fossil fuel energy in country X’s
primary energy supply. This ratio is 25% larger for the North than for the South. The rest of
the difference between the initial emission rates per unit of good G in the North and in the
South is made up by the difference between £ and £g (g > & so dirty inputs in the South
are more polluting than in the North).?? Changes in CO atmospheric concentrations are then
mapped with changes in temperature, and S = 0 is chosen to correspond with a “disaster”
temperature level of 6°C. The function v (S;) is the same as in AABH, and mimics the cost

function of Nordhaus (2008) for increases up to 3°C.
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5.2 Alternative policies and their welfare costs

Figure 1 displays the allocation of innovation, carbon tax and trade tax in the first best case,
the second best case and in the optimum for the North case. Figure 1.A shows the allocation
of innovation in the polluting sector G in the first best case: nearly all sector G innovation
is carried out in the South, and mostly in clean technologies from the first period. Following
remark 2; specialization in both countries occurs in finite time, in fact here, it occurs very
rapidly, which is why there is nearly no innovation in sector G in the North (and nearly no
innovation in sector H in the South). Figure 1.B shows the ad valorem carbon taxes in the
North and the South - recall that the per-unit of CO4 taxes are identical though. The carbon
tax in the South initially increases (as temperature increases) and then decreases following the
fall in temperature and the development of clean technologies in the South. Figure 1.C shows
the allocation of innovation in the second best case. Contrary to the first best case, the North
must now export the polluting good G eventually. In this calibration, a large trade tax on
good G (see figure 1.D) ensures that right from the first period the South specializes in the
non-polluting good H.3 The switch towards more clean innovation than dirty in the North
occurs rapidly but not immediately for two reasons: first, as the South’s emission rate is larger
than the North’s, the temperature increase is initially lower than in the first best case, so the
North can afford working on dirty technologies a bit longer; second, keeping some innovation
in dirty technologies helps the North build a large comparative advantage in the polluting
sector. The amount of clean innovation increases over time and, beyond the time frame of
the simulation, eventually reaches one when the North fully specializes in the polluting sector
(following proposition 6). The carbon tax in figure 1.D follows a pattern similar to the first
best case, however, since clean technologies are developed slower, emissions decrease less fast
(see figure 2.A) and the carbon tax goes to zero slower. Finally, figure 1.E shows the allocation
of innovation in the North optimal policy. The pattern is similar to the second best case,
but less North scientists are allocated to the polluting sector. Since the North becomes the
exporter of good G, allocating less scientists to its export sector positively affects its terms of

trade. In this calibration, the South is also fully specialized from the first period; however,

2TThere is no good empirical estimation of this parameter yet. Its important role is the focus of the numerical
exercise in AABH, it does not strongly affect the comparative statics exercise carried out here.

281f one assumes that the law of motion (34) holds only for S;—1 > 0 and that S = 0 is still an absorbing
state. In this case remark 2, proposition 6 and proposition 7 are still satisfied (except for the finite carbon tax).
If § = 0 is not an absorbing state, however, then for n < 1, temporarily reaching Sy = 0 can be part of the
solution even for arbitrarily low discount rate, so that the proofs of the previous remarks and propositions are
not valid any more (even for o < 1). Here n = 1, so this does not matter.

29Finally, £, and &g are adjusted upwards so that emisssions in sector G in the North and in the South
correspond to total world emissions.

30 A sufficiently large tariff on the polluting good G leads to autarky, if the trade tax increases further, it is
an export subsidy and it can reverse the pattern of trade. This is what happens in this calibration in the first
period.
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according to proposition 7, it must remain just at the corner of specialization. To maintain
this situation the trade tax turns negative from the second period, and becomes an export tax
on the polluting good for the North (for readability the figure is cut, but as the comparative
advantage increases, the trade tax tends towards —1, that is a 100% tax on exports). To cope
with the smaller innovation in the polluting sector in the first period in the North, the carbon
tariff is larger in the first period. The fast specialization in at least one country that occurs in
this calibration can be explained by a relatively large growth rate (2% a year) combined with
a small difference in capital share in both sector (o« — 8 = .2). Taking into account imperfect
mobility of factors or both cross-sector and cross-country knowledge spillovers would slow down

the specialization process.

Table 1: disaster and welfare cost

time until disaster | welfare cost
Miracle never 0%
Laissez-faire | 80 years 100%
First best never 5.64%
Second best | never 14.08%
Third best never 14.22%
Non protect. | 80 years 100%

Table 1 shows whether a disaster can be avoided under different scenarios and what the
welfare costs of climate change are. The welfare cost is computed as the equivalent percentage
loss of world consumption every period relative to the first best in a “miracle” scenario where
the dirty input would cease to pollute (that is from the first period { = &g = 0). Under
laissez-faire a disaster occurs after 80 years (the welfare cost is 100% with log utility). There
is no disaster in the first best case (which is always true) and since initial environmental
quality is sufficiently large, there is no disaster either in the second best case. Not being
able to intervene in the South, and therefore having to reverse the pattern of trade, sharply
increases the welfare costs of climate change policy (they are nearly three times as large).3!
Table 1 also presents the case of a “third” best where the North can implement a carbon tax
and research subsidies/taxes, but no trade tax, consumption or production taxes. With the
calibrated parameter values, a tariff happens to be not necessary to avoid a disaster and the
welfare costs of dispensing with it are relatively small: This is because the initial comparative
advantage of the South in the polluting sector is small. No combination of a carbon tax and
a tax on dirty research in the North can prevent an environmental disaster, and in table 1, I

compute the “non-protectionist policy” that minimizes the amount of CO9 accumulated. This

31 Note that this increase in cost is almost entirely due to the environmental externality. In the miracle case,
there would also be some welfare costs from not being able to intervene in the South - as innovation there would
not be allocated optimally- but these costs would be very small: 0.15%.
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Figure 2: Figure 2: Increases in temperature with trade and in autarky

policy cannot postpone the disaster, and as shown in figure 2 below, its effect on temperature

is extremely small relative to laissez-faire.

5.3 Trade, a double-edged sword

Figure 2 shows the increases in temperature in laissez-faire, with the non-protectionist policy
that minimizes the amount of CO2 emissions, in the second best case and in the first best case,
and then compares them with the increases in temperature with the same policies in autarky.
In line with table 1, non-protectionist policies cannot slow down the disaster; in fact, the
difference in temperature is so small that the two curves are indistinguishable. In the first best
case the increase in temperature is initially larger than in the second best case, the reason is
that in the latter case production of the polluting good moves to the North, where the emissions
rate is lower. The temperature starts decreasing earlier in the first best case than in the second
best case because (nearly) all Southern scientists innovate in clean technologies in the first best
policy, but not all scientists in the North do so in the second best one (see figures 1.A and 1.C).
In autarky, the disaster is postponed, as the polluting sector grows slower (a mass of around 0.2
of scientists innovate in the polluting sector in autarky, instead of all scientists of one country in
free trade). Non-protectionist policies in the North (a carbon tax and a tax on dirty research)
can now postpone a disaster as the pollution haven effect does not exist, but whether clean
research subsidies are allowed for or not does not really affect the increase in temperature. In
figure 2.B, in the “second best” case (which now refers to the combination of carbon taxes

and clean research subsidies in the North that minimizes CO2 emissions), the temperature
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Figure 3: Figure 3: Increases in Temperature with and without Directed Technical Change

increase cannot be distinguished from the temperature increase resulting from taxes on the
polluting sector in the North only. Even in the first best case temperature increases more as
the growth rate of clean technologies is smaller than in the open economy scenario. Overall,
figure 2 illustrates the double-edged sword role of trade: without trade, unilateral policies
cannot prevent a disaster, but opening up to trade accelerates environmental degradation if

the North does not undertake the appropriate policy.

5.4 Directed technical change, a double-edged sword

Directed technical change (DTC) plays a similar role. With the calibrated values, however,
non-protectionist policies cannot delay a disaster either when there is no DTC and in both
countries s, = sq = sy = 1/3. To better illustrate the impact of DTC, I carry the same
exercise but assuming that « = 0.7 and § = 0.1 (a larger difference in capital limits the
pollution haven effect in a static model and therefore better illustrates how it is amplified by
the innovation response). The resulting increase in temperature across the different policies
and under the two scenarios are given in figure 3 (Appendix C.2 carries the exercise with
the original values). DTC accelerates the disaster under laissez-faire since it accelerates the
growth rate of the production sector. Without DTC, non-protectionist policies are still unable
to prevent a disaster, but they can delay it for 20 years. With a permanent and large trade
tax, unilateral policies can still avert an environmental disaster with these parameters but the

increase in temperature is much larger (despite a much lower growth rate), and even in the
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first best case temperature increases for a longer time.

6 Extensions

I now relax the assumption that productivity improvements are entirely country specific. The
amplification of comparative advantage effect has been one of the dragging forces behind the
previous results. In reality, some productivity improvements are likely to at least partly cross
borders, so that some economic forces will work against this effect.?? This raises the issue of the
robustness of the previous analysis. I consider in turn technology diffusion (subsection 6.1) and
innovation by global firms (subsection 6.2), and show that the main messages of section 3 still
hold, even though the underlying intuitions are somewhat different. Note that the assumption
that a # [ must be imposed now as a pure Ricardian model would not be suited to study

these questions.

6.1 Technology Diffusion

Far from the technological frontier, a country is likely to benefit from the diffusion of innova-
tions produced in other countries. To illustrate this in the simplest way, I assume that at the
beginning of every period the country with the least advanced average productivity in a given
sector can exogenously progressively catch up with the other country. More specifically, before

any innovation happens, the producer of intermediate i in sector z € {c,d, H} gets access to

Ax i = max (A(_X)Z(t_1)>6 114
zit — - ) zi(t—1)»
Ax(t-1) Xzilt=1)

the technology:

where 0 € [0, 1] measures the strength of the technological diffusion. This formulation delivers

in return the law of motion for aggregate productivity

A_x)yz-1) \°
Ax.e = (1+ ,'»ﬁs‘th)l_7 max <<W> ) 1) Ax(t-1)s
Xz(t—1)

for z € {c,d, H}. With this formulation, the ratio of the technological levels across countries
cannot diverge: when one country gets a sufficiently strong advantage over the other one,
the catching up process ensures that regardless of the pattern of innovation, this difference is
reduced next period.

In particular, policies in the North which increase the amount of clean innovation in the
North will now also increase the productivity of clean technologies in the South. In fact, they

may even put the South on a clean innovation track: if at one point in time pre-innovation

#2Dechezleprétre et al. (2010) suggest that clean technologies transfer between developing and developed
countries exist but are quite limited.

36



clean technologies are above dirty ones in the South Ag. > Agq, market forces in the South
will induce more clean than dirty innovations. The key to preventing a disaster is no longer to
push the South towards specializing in the non-polluting sector, but rather to ensure a switch
towards clean innovation in the South. Such transition will occur as soon as more scientists
are allocated to clean technologies in the North than to dirty technologies in the South (since
in the long-run, South clean productivity Ag.; grows like the North one An¢). Whether this
is the case or not directly depends on the policies that the North allows for and on the pattern
of comparative advantage, similarly to the analysis in section 3. Therefore, the intuitions
developed before still apply and, surprisingly, the broad results are not as different as one

could have expected. In particular, I can show:

Proposition 8 Assume that initially (i) technologies are sufficiently close to each other across

countries, that k is sufficiently small and the spillovers 6 are sufficiently strong, (ii) that the

South is relatively well endowed in capital % > f-f—N, and that (iii) clean technologies are
S N

sufficiently less advanced than dirty ones (Asco/Asdqo sufficiently small), then no combination

of a carbon tax and a tax on dirty research in the North can prevent a disaster, no matter how

large S is.

Proof. See Appendix D.7 m

This proposition mirrors proposition 1. The assumptions (i) ensure that technological levels
remain sufficiently close to each other across countries, which combined with the assumption (ii)
ensures that the South keeps a comparative advantage in the polluting sector - assumption (iii)
plays the same role as in proposition 1 and ensures that when the South has the comparative
advantage in the polluting sector, it does innovate there more than the North; this assumption
can be dispensed with when € = oco. In this case, the South keeps the comparative advantage
in the polluting sector, and since a carbon tax in the North can only reinforce this comparative
advantage; more scientists are innovating in dirty technologies in the South than in clean in
the North: South clean productivity Ag. never catches up, and a switch to clean innovation
in the South never occurs.

As before, a temporary combination of clean research subsidies and a tariff can prevent
a disaster for sufficiently large initial environmental quality (proposition 3 still holds): clean
research subsidies can reallocate innovation in the North to clean technologies while a tariff
can limit innovation in dirty technologies in the South, so that Ag. grows faster than Agg
and a switch towards clean innovation eventually occurs in the South. As it has been stated,
proposition 2 is not robust when the clean and the dirty inputs are not perfect substitutes

(e < ). In that case, however, I can show:
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Remark 3 Assume that final consumption is Cobb-Douglas in the polluting and non-polluting
goods (0 = 1) and that clean and dirty inputs are perfect substitutes (¢ = oco). First, i) if initial
relative endowments are sufficiently close to each other and the initial environmental quality is
sufficiently large, then temporary clean research subsidies in the North alone can prevent a dis-

—_a)l8 _
aster. Second, ii) if the South has a sufficiently large capital labor ratio (%K ]B\,L]lv As

— _ — a(1_p\(l-a)
(1+ ,‘i)lT7 17T”K§Lls f and (1+ /<a)ITW K{Ly® < MP—VKELE_O‘L technologies are

a®(1—aq)1—2) v
sufficiently close across countries (An.0/As.0 € ((1 + ﬁ)_l% ,(1+ fi)l%) for z € {¢,d,H}),
and clean technologies are less advanced than dirty ones in the South (Agq.o < Agqo (1 + n)f(lfv)(yr%) ),

then, clean research subsidies alone can never prevent a disaster.

Proof. See Appendix D.7 m

The introduction of knowledge spillovers ensures that even in the Cobb-Douglas (o = 1)
case, clean research subsidies can now prevent a disaster without a tariff if initial endowment
ratios are not too far apart.>> The reason is that thanks to the knowledge spillovers, close
initial endowment ratios guarantee that the South will not be fully specialized in the long-
run. Some scientists in the South must be allocated to the non-polluting sector, so that clean
technologies in the North grow faster than dirty technologies in the South with sufficiently large
clean research subsidies. On the other hand, if endowment ratios are sufficiently far apart and
technologies are close to start with, full specialization in both countries will be maintained
indefinitely. As a result, all scientists would be allocated to the polluting sector in the South.
If the clean and dirty inputs are perfect substitutes (¢ = o0), they will necessarily all be
allocated to the dirty subsector: South clean productivity Ag.s never catches up preventing a
switch to clean innovation in the South.

If ¢ < o0, since clean technologies in the South grow at the same rate as in the North,
the ratio of clean over dirty technologies in the South cannot tend towards zero, and the mass
of scientists allocated to clean technologies remain bounded away from zero when the South
specializes in the polluting sector. Therefore, eventually, pre-innovation clean productivity
in the South becomes larger than dirty productivity, Ag. > Agg, and a switch towards
clean innovation must occur. Note, however, that this result relies on the possibly unrealistic
assumption that the North can innovate in clean technologies even though it specializes in
the non-polluting sector and therefore does not produce any clean intermediates. If the North
could not innovate in an inactive sector, remark 3 would still hold for ¢ < oo. Second, this
result also relies on the innovation function ks* satisfying the Inada condition. If instead, the

innovation function were x ((s + Y)" — T*) with Y > 0, then, for clean technologies initially

_ _ -2 _ol—y
331—a K I-(avtfU-y)) (tn)  § KytKs (] 4 )72

—Ca_5 1-BEN ¢4« ; sy
< is a sufficient condition.
L FB(1— - L
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sufficiently less advanced than dirty ones (Agq/Agqo being sufficiently small), all innovation
in the South could go towards dirty technologies when the South is fully specialized in the
polluting sector and remark 3 would hold.?*

The structure of the optimal policy (with or without the no intervention in the South
constraint) is broadly similar, but subsidies to research and the possible trade tax will have to
take into account the presence of the knowledge spillovers. Moreover, the second best policy
does not necessarily feature a reversal of comparative advantage any more when the South
initially has the comparative advantage in the polluting good.

Note that to some extent technological diffusion itself is a parameter that can be affected by
policy: laxer intellectual property rights, direct financing of projects abroad, or migrations of
skilled workers could all contribute to the faster diffusion of technology. This analysis therefore
suggests that the diffusion of clean technologies in the South makes the need for a tariff
less pressing. In fact, since the high social welfare cost from unilateral intervention without
knowledge spillovers came from the necessary reversal of comparative advantage, diffusing
technologies in order to prevent a disaster without such a reversal in comparative advantage

could reduce significantly the costs of the intervention.

6.2 Worldwide entrepreneurs

So far I have assumed that innovation in the North and in the South only responded to local
conditions. However many innovative firms are global and make their innovation decision based
on the entire world market. I now study this case and, for simplicity, focus on the case where
final consumption is Cobb-Douglas (¢ = 1). I show that clean research subsidies alone can now
prevent a disaster but that carbon taxes may still fail to do so. The conditions under which
they would now refer to the relative size of the polluting sector in the South and the North
rather than simply the pattern of comparative advantage.

More specifically, I consider that the producer of intermediate ¢ in sector z € {c,d, H} is
the same in the North and in the South and his intermediate has the same productivity in

35

both countries; however, intermediates are still not tradeable.”” By hiring sy.;; scientists in

the North and sg,;; in the South, the entrepreneur for variety ¢ in sector z € {c,d, H} with

34In Appendix D.7, T also show that when o < 1, clean research subsidies can prevent a disaster for sufficiently
close endowment ratios, whether the government in the North can allocate research to the clean subsector when
no clean intermediates are produced or not.

35In this case trade balance typically does not hold since there will be income transfers across countries.
Under free-trade this does not affect the pattern of production and emissions.
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initial productivities A.;;_1) can increases it to:
&\
Azit = | 1+ 6 (S + 852it) % Azi(-1)-
(1)
The results extend to the case where the innovation function is & (sn.it + Sszit)". As before,
since profits are proportional to (A, /Azt)ﬁ, for z € {¢,d, H}, every entrepreneur hires the

same number of scientists, and the law of motion of aggregate productivity can be written as:

Ay = (1 t K (Sfxn + SEfX),zze))l_7 A1y

In this subsection, the key to preventing a disaster will be to ensure that A grows faster
than Ag, since this will bring the emission rate in the polluting sector down to zero even in the
South. The next remark shows that it is still the case that a carbon tax can fail at preventing

an environmental disaster:

Proposition 9 Assume that o = 1, that clean technologies are sufficiently less advanced than
dirty ones (Aco/Aao is sufficiently small), and that the South originally has a weakly larger
market share than the North in the polluting good (Ysco > YncGo), then no carbon tax in the

North can prevent a disaster, no matter how large the initial environmental quality S is.

Proof. Appendix D.8 =

Without direct research incentives, the innovation allocation is identical across countries.
Within the polluting sector, the allocation of innovation across the clean and dirty subsectors
favors the one with the largest revenues. In the North, a large carbon tax can ensure that the
clean input subsector has nearly the same size as the entire North polluting sector, while in
the South, if clean technologies are sufficiently less advanced (Aq/Ago is small), the size of
the dirty subsector is close to the size of the South polluting sector (A < (1 + 2&)7(177) Aqo
would be sufficient when ¢ = c0). Worldwide, the size of the clean subsector is then close to
the size of the polluting sector in the North, while the size of the dirty subsector is close to the
size of the polluting sector in the South. If the South has a larger market share in the polluting
sector, there would be more dirty than clean innovations, and A.; would never catch up. When
final consumption is Cobb-Douglas, the relative size of both countries in the production of the
polluting good does not change with technologies, and, since a carbon tax can only increase
the relative size of the South, an initially larger market share ensures that the South remains

the biggest country in the polluting sector.?¢

361f the North uses a tax on dirty research on top of the carbon tax, the remark stays true but for Yaco/Ysco
sufficiently small. In this case, the Northern social planner, can ensure that no scientists in the North innovate
in dirty technologies. Yet, if Yngo/Ysao is small, most innovation in the North will occur in the non-polluting
sector anyway, so most sector GG innovation will occur in the South and will be determined by the South market,
favoring dirty innovation. See Appendix D.8
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If subsidies to clean research in the North are sufficiently strong, however, Northern scien-
tists will nearly all innovate in clean intermediates, thereby also improving the productivity of
clean intermediates in the South. In the meantime, innovation in the South will be prevented
from moving fully towards sector G and dirty intermediates: even if the South fully specializes
in sector G, entrepreneurs having monopoly rights in sector H will hire some scientists from the
South to improve the productivity of the (active) variety they own in the North. Therefore, a
tariff (which is still part of the optimal policy) is not necessary to prevent a disaster, regardless

of initial endowments.

Proposition 10 Clean research subsidies in the North alone can prevent a disaster if the

watial environmental quality is sufficiently large.

In Appendix D.9, I extend this result to the case where ¢ < 1, and when innovation is
only partially global.3” As technological diffusion, the internationalization of the R&D process
makes it possible for policy in the North to induce a switch to clean innovation in the South,
so that the second best policy needs not feature a reversal of the pattern of comparative
advantage. However, even with a very internationalized process, the North needs to undertake
a very proactive policy towards the development of clean technologies; otherwise, the direction
of innovation within sector G will be dictated by the economic conditions of the South instead
of the North.

7 Conclusion

This paper develops a dynamic model of trade and the environment with directed technical
change in a two country world, in order to study what type of unilateral policies could achieve
sustainable growth. I also characterize the best unilateral policy for the world and for the
intervening country. When knowledge is local, a combination of temporary clean research
subsidies and a carbon tariff can prevent an environmental disaster, while unilateral taxes
on the polluting sector are unlikely to do so, particularly when the South has initially the
comparative advantage in the polluting sector. The second best policy which maximizes world
welfare under the constraint that no intervention can be undertaken in the South can be

decentralized through research subsidies, a carbon tax and a trade tax. The trade tax takes

371 look at the case where entrepreneurs have different technologies across countries, and where innovation
1
T

1—v
A Y
takes the form: Ax.;t = (1 + kK (s‘Xzit + 652,)()2#) Xf“”) Axi(t—1), where § measures how easy it is
T—

AXzi(t—l)

RN
to transfer innovation from one country to another. I show that as long as § (1 + (% 1;) 1_1,) < 1 clean

research subsidies alone can prevent a disaster for sufficiently large environmental quality.
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the form of a carbon tariff and then of an export subsidy, reflecting the double objective of
reducing emissions in the South and of redirecting innovation there. Under some assumptions
on the preferences of the social planner, the second best policy features a switch to clean
innovation in the North, full specialization in both countries, and a temporary trade tax. The
optimal policy for the North can be decentralized using the same instruments, but in this
case, the trade tax may turn into an export tax and must be maintained permanently. In
the presence of knowledge spillovers, or with international innovating firms, a switch to clean
innovation in the South can be achieved with policies in the North, so that a disaster can
be avoided without the South having to specialize in the non-polluting sector. In both cases
unilateral taxes on the polluting sector may still fail at preventing a disaster.

In response to the question “is there a case for carbon tariffs?”, the analysis shows that
some form of protectionism is necessary to ensure sustainable growth with unilateral policies.
A trade tax is the optimal tool to reduce pollution in countries that do not intervene, but, clean
research subsidies alone can sometimes ensure sustainable growth particularly in the presence
of knowledge spillovers.

In practice, taken at face value, a full revival of industries like metallurgy in developed
countries, which is what the basic model argues for, may look unrealistic. More practically,
the paper argues for an industrial policy in the North that aims at cleaning the polluting
sectors, without losing to much competitiveness to the South, in order to slow down the move
of polluting industries there. In particular, the paper shows the shortcomings of a “carbon
tax”-only policy (or equivalent policies like a cap-and-trade) in the North in the presence of
imperfect knowledge markets and a non-cooperative South. However, this aggressive protec-
tionist unilateral policy could phase out once clean technologies diffuse to the South, or once
a global agreement is found.

This analysis is very much a first step and could be enriched in several directions. First,
I have only considered a global social planner faced with the constraint of no intervention in
the South or a Northern social planner. A better understanding of climate negotiations would
require modelling two competing social planners in a Nash equilibrium. As mentioned in the
text, the design of the trade tax (whether it is directly related to average carbon content in the
country or not) will then affect the behavior of the South planner. Second, to analyze more
carefully the actual implementation of carbon tariffs, one would have to take into account
WTO constraints and the possibility for firms or countries to hide the true level of their
emissions or to manipulate environmental policies for their own advantage. Third, I have not
investigated the issue of intellectual property rights (IPR), which may play a major role in the
development of clean technologies. On one hand, laxer IPR could lead to a faster diffusion of

clean technologies to the South, which facilitates a switch towards a clean path there. On the
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other hand, they may reduce the incentive to develop clean technologies in the North in the first
place. Finally, the paper suggests that directed technical change makes emissions in the South
much more responsive to policies in the North in the long-run. This calls into question the
common estimates of the carbon leakage rate which are obtained in static models. Therefore,
integrating directed technical change into a full numerical model of the world economy would

be very useful in order to reevaluate the impact of carbon taxes and carbon tariffs.
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8 Appendix A

In this appendix, I mention a few direct extensions of section 3.

Clean input production subsidy. Section 3 focused on the role of research subsidies,
carbon taxes and trade taxes, since they are the instruments used to decentralize the optimal
policy. In practice, other instruments could be used in a unilateral policy (especially if tar-
iffs were forbidden), and it is interesting to know whether a disaster could be avoided with
them. For instance, a temporary direct production subsidy to the clean input could avoid an
environmental disaster alone (provided that the initial environmental quality is large enough).
In a first phase the North could implement a subsidy sufficiently large that the North essen-
tially produces the clean input and clean intermediates only (this is the same as an infinite
tax on any other type of production), which guarantees that the North has the comparative
advantage in the polluting sector. As the North innovates in clean technologies only, while
the South innovates in both sectors, the North can acquire a comparative advantage in the
polluting sector even without the subsidy. At which point a disaster can be avoided following
the same logic as in proposition 3.38

Different mass of scientists in the North and the South. If the mass of scientists
in the North was much smaller than in the South, the North would eventually become a small
economy relative to the South, and the South’s economy will behave as if it were in autarky:
regardless of the policies undertaken by the North, a disaster would be unavoidable. On the
contrary, if the mass of scientists in the North was much larger than in the South, a disaster
could be avoided using clean research subsidies without the need for a tariff: even when the
South fully specializes in sector G, Ang: would grow faster than Aggt, so the North could build
a comparative advantage in the polluting sector. In fact, depending on parameters, a disaster
may also be avoided using taxes on dirty research or a carbon tax under the assumptions of
proposition 1.3?

Limited policy in the South. I now discuss the case where intervention in the South
is possible but limited by a low fiscal capacity (the South does not have the necessary in-
frastructure to enforce full collection of taxes beyond some threshold). More specifically, the

size of government revenues in the South cannot exceed some faction g of the size of the econ-

38 Another possibility is that the North could only implement a consumption tax on the polluting good instead
of a tariff. Such a tax can prevent the South from specializing in the polluting good (by reducing its relative
price), but may induce the North to (temporarily) specialize in the non-polluting sector, in which case clean
intermediates are no longer produced in the North for some periods. Assuming that entrepreneurs can still hire
scientists even when they do not produce any intermediates, a combination of the consumption tax and clean
research subsidies can avoid a disaster for sufficiently large initial environmental quality.

39 For instance, in the Cobb—Dnglas case o = 1, if the consumption share of the polluting good (v) is close

SGt

to 1, ANGL cap grow faster than , leading to a reversal of comparative advantage, provided that there is a
ANHt AsHt

sufficiently large mass of scientists in the North; if v = 1/2, on the contrary, the previous analysis carries on.
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omy (measured by patYsat + priYsme). To ensure a switch towards clean technologies in the
polluting sector, the South needs to maintain tax on dirty innovation such that slightly more
innovation occurs in clean than in dirty technologies as long as clean technologies remain less

SSGt

advanced than the dirty ones. From (18 and 19), at the tipping point (ss¢t = s5q4t = *5*), the

size of the intervention (7}), relative to the size of the economy would be equal to:

~1 -1
Ty __ 0=y (5)" ASun — A pctYast (35)
pctYsat + vt YsH: (1 +r (SS%)L)I_(E_I)O_W) A%;tl + A%Etl pGiYsat +putYsHt

For the switch to occur this ratio must remain smaller than g, otherwise, the gap between clean

and dirty technologies in the South keeps increasing. The more the South specializes in the

PGtYG Xt
pctYsGt+PHtYSHt

implemented by the North on the polluting good G can reduce the degree of specialization

polluting sector G, the higher this ratio is as and sgqg: increase. Now, a tariff
of the South in this sector, and therefore increases the chance that an intervention in the
South becomes possible. An environmental disaster can then be avoided without the South

specializing in the non-polluting sector.*’

9 Appendix B: Main proofs of the paper
9.1 Appendix B.1 Characterization of the equilibrium in a given period

For this subsection I consider the economy at a given time, after innovation has occurred (I
drop the subscript ¢ for simplicity). To avoid repetition with the social optimum analysis, I
do not impose that the economy is in laissez-faire: I let each country impose a subsidy ¢ on
all intermediates (it can differ across time or across countries without affecting anything as it
has a pure scale effect) and a carbon tax 7x. First I derive the aggregate production functions
in each sector given prices, second I solve for prices and third I characterize the pattern of

specialization in free trade. Finally, I derive the allocation of innovation.

9.1.1 B.1.1 Deriving aggregate production function.

First, note that if good G is produced, then both subsectors ¢ and d are active. Assume

that good G is produced in country X, the maximization problem for producers in subsector

497t is important to distinguish this case from one where the desire to participate or not in the South arises
from a local government maximizing its own welfare. In that case, intervention in the South may be limited
relative to the first best, both because the South social planner does not internalize the damage on the welfare of
North citizens, and because of the leakage effect to the North which diminishes the efficiency of a South policy.
However, being an exporter of good G pushes the South towards a relatively larger intervention to benefit from
better terms of trade. A tariff on the polluting good would reduce these terms of trade effect and therefore
potentially the willingness of the South to switch to clean technologies (see Copeland and Taylor (2005)). It
would then be even more important to ensure that the tariff is directly related to emissions in the exporting
country as mentioned in the previous paragraph.
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z € {c,d} leads to the demand function for capital and labor in assembly of good z:

rxKx,=(1—-7)apx,Yx, and wxLx, = (1—7) (1 —a)px.Yx: (36)

and the demand for intermediates:
_ CoN1—
Pxzi = ’YszAXzi-TZi ! (Kgé(z[&(za) ’Y’ (37)

with ¢y, the consumer price of intermediate i. From 7, the cost of producing one unit of
-«

intermediate is given by (%)a (%) . Monopolists maximizes profits by imposing a

mark-up 1/7 on their costs, so that producer prices are given by:

oxs _ ¥ (?‘X)‘*( wx )1_“. (38)

1-¢ v\« 11—«

The production of intermediates is then given by:

pxy? (@Y (1-a)'™® = = 1
— (0% —Q
TXzi = m (TX) <TUX> AXZZ KXZLXZ ) (39)
and factor demands in the production of intermediate ¢ in sector z follows:
o wx e rx 1—a\“
Kxzi = (’f’x 1 a) Yxxz; and Lxz; = (a ox ) VIX 2 (40)

Plugging in (36) and (39) into (6), I get the price of good z as:

1 (-7 (7“X>“< wx >l_a, (41)

PXz = AXZ (1 — 7)1—7 72’7 [ 1l -«

where. Now, profit maximization by producers of good G leads to the demand function:

YXc ( PXe )E
_ 7 42
Yxa (14+7x)pxa (42)
e

and the price of good G is given by pg = (pﬁ{f +(1+7x)7° pﬁ{j) =% which, using (41),

translates into:

bxag =

1=y 2(1-q ¢ (LX)“ wyx 70 (43)
) o1\ T\ @ -« '
(Ai{; + ((1 +7x)" AXd) )
This relationship holds if country X produces good G, if country X does not produce good G,

1 _ 11—«
(1-9)""1y 27(1—Emf () (%) . Similarly in
(Ai{zlJr((HTX)_IAXd)E_ )671

the equality is replaced by: pxg <
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=1 — _ 1-8
sector H, pxg < 4= Xxj;(l DY (%‘)B (f”_—’;) , with equality if good H is produced in
country X.

Note that (42) gives:

£

1+7x) ' A
Yxa = ( X) Xd 1 Yxa, (44)

e—1\ e-1
(A;Cl + (14707 Axa) >
which directly leads to the expression for the emission rate. Combining (36), (39), (40), (42),
and (43), one gets that total factor employment in sector G satisfies:

o wx )1a1 A + (L+7x) ° A - (15)

<A§g} + <(1 Fry) ! AXd>€_1> -

Y

[ 1 A5—1+ 147 —€ Ae—l
LXG: ( ) E Xc ( X) Xd _ YXG; (46)

(Aigcl + ((1 Fry)t AXd>E_1> -

1— 1—
with ¢ = ”f(”l(:;()k;ﬁ;ﬁ} WW . Combining these two expressions and following the same strategy

in sector H, one gets:

<A€1 + ((1—!—7’ )L A )€1>H
Xt Xt Xdt
Af + (L4 7x0) " Ay,

K?(GtL;c?t and Yxpr = CAXHtK)ﬂ(HtL;}gt'

(47)

Yxar =¢

This equation translates into (16) when there is no carbon tax.
When both sectors are active, taking the ratio of (43) and the equivalent expression for

PxH, one can express the capital rent to wage ratio as

_1
a—f

1 L Aa_l + <(1 + Tx)il AXd>8_1 ?11 1
X (aa(l_o‘) a>a_6 xe (PXG)D‘B

wy  \ g° (1-p)7 Axm PXH

Plugging this expression into (45) and (46) and the equivalent equations in sector H, and using
factor market clearing (9), one gets a system of two equations with two unknowns (Yxq,Yx )
that can be solved as:

oo (809N T Axa(rx)
X6 (a—B) \ aba (1= )-8 1—0dx (tx)

1 —a

pxH AxH pxH AxH

(;a (1 _ a)(l—a)) a—p (1 _6) (pXGAXG (7’)()>0—5 Ky —ﬁLX <pXGAXG (TX

B(1—p)="A
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I € e i Y

) <pxana<m>>a—%LX i (<1—>> - (B0 A0 ) g

pxH  Axn Bf(1—p)=h» pxuH  Axn

e—1
where Axg (Tx) = (Aifcl ((1 +7x)7" AXd) > is a measure of average productivity

. A 1 € . .
of sector G in country X, and dx (7x) = YE :i(lﬁl—( )+ZEX)1)A5 ; € ]0,1) is a correction term
Xc

(measuring the difference between imposing a tax and a decrease in productivity of the dirty

input).

9.1.2 B.1.2 Equilibrium price

Qe

Consumer maximization leads to 2X¢ = -2 Cx# )7 In autarky this translates into: 1XG¢ =
PXH 1-v \ Cxa Yxu

1-v PXH

g —0
<L> (pX—G) , which combined with (48) and (49), defines the equilibrium autarky price
uniquely (given technologies) since z,/X & is increasing in gX & and the right-hand side decreases.

More specifically, one gets that the autarky price must satisfy:

(50)

1 l—«
o a®(1-a)=*) ) a=ph Axa(rx)) a8
(pxc> Axa (Tx) (Bﬂ(l_ﬁ)(1—5)> (1-5) <]IZ))§SI pvoe ) Kx
PxH 1-6x(Tx) ~BLx <pXG AXG(TX))ﬁ

pxH AxH

pxa AxH

e .
1—v _(;iu—ﬂ)a*m—a)(mw)“ﬁ&

1-8)=5) pxH AxH

o (pxc Axc(ﬁ()) = Lx

IfeAL +(1— (e — 1) 7x) (L+7x) " A%} >0, 1{%((2(()) increases in Ax. and always increase
in Ax4 and decrease in 7x. Therefore ]’;;‘—fl decreases in Ax. (when e A +(1— (e — 1) 7x) (L +7x) " A%, >
0), decreases in Ax, and Kx and increases in Axp and Lx. It is direct to check that in the
absence of any tax, the relative autarky price of good G over good H is higher in the North
than in the South if and only if (Asc/Asy )57 Ks/Ls > (Ana/Anm)™? Ky /Ly (so that
under free-trade the North imports good G in this case).

Under free-trade, the equilibrium price ratio is the same in both countries and satisfies

1 1
b _ ¥ <CXH>” _ v <YNH+YSH>" (51)
pa 1—v \Cxg 1—-v \Yng+Yse/) ’

which similarly defines uniquely the price ratio given technologies (as Yx is decreasing in the

price ratio and Yxq increasing). When both countries produce both goods, one can use (48)
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and (49) to get:

1 l—«
Anc(TN) a®(1—a)1=) \ a—8 Ang(Tn) ) =B Ana(T
(1o el (( i)™ (- 8) (22 ) Ky - (2 Aaplo
PH) Asg(Ts) a®(1—a)~ o‘) 75 Asc(rs) (IJ‘;_% Asa(r
1S<5Gsr)<( 5(1-8)0- ﬁ) <1_ﬂ)<% SAGSHS> Ks =6 (ngI SfSHS)
1
A (7_ ) v 6 ao‘(l—a)17“ ) A =
- (%) A (o (B8 25520) 7 Ly — (8) ™7 (- (22 fw
- = A = “(1-0)' = a7 Asc(r
e (o (35 25) 7 b= () 0w (e

9.1.3 B.1.3 Pattern of specialization in free trade

I now derive the full pattern of specialization in free trade. To simplify expression I introduce
1 1
— 1-6\ a—p —~ a ooy} .
the notations Ky = %) "Kx and Ly = <LHB) ? Ly, which represent
A Axc(Tx)
“effective endowments”. Using (48), (49) and (52), assuming that both countries produce both

goods, the condition Yxg > 0 translates into

o () (G (B)7) 0o (B R) vooo (S &

m

m‘m E

Lx 1-5 <W <%)aﬁ>”a<zy)a (Ev+ﬁg)+ﬂ<%+£§s>
and Yx g > 0 into:

o () (B E)7) o (R R) i (B 5

Ly l-a ra-pt (I \* )7 (T T Iy . L
<aa<1—a><1a> () o) (L +Ls)+6 (55 +45)

Therefore, conditions (53) and (54) define the set of endowments, productivity and taxes for
which there is incomplete specialization in both countries.

Assume now that country X fully specializes in sector G, but country —X. does not fully
specializes. Using (47), production of good G in X is given by: Yxg = ﬁKNXQE)}l_a
Combining this expression with (51) and (48) and (49) for country —X, delivers an implicit

equation for the price ratio, which can be used to that the condition Y(_x)g > 0 is equivalent

——\ (a=P)o @ _ 1-a)\ 7 _ c o a—~—1l-a
(gﬁ KXL15<606) )C ﬂkkh )

L x ac (1— a)(lfa) v 1-90x

to:

This case, therefore corresponds to the opposite of (53) and (55).
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—~ B ~1—
Similarly if country X specializes in sector H, one gets Yxg = (K XBL X Band the condi-

tion Y (_x) > 0 writes as:

o — oa— 1—-0) —~—— 3 —~—1—

Pl-a)P\ —p~15 [(1-v\ [K_x (= )K,XﬁL,Xl ’

B (-h) Kx Lx < — : (56)
8% (1-p) v L x 1-4_x

This case corresponds to the opposite of (54) and (56).

Finally the case where country X fully specializes in G while country — X fully specializes
in H corresponds to the opposite of (56).and the opposite of (55), for future use, it is convenient

to express these two conditions with the actual endowments and productivities as:

046 1—a 1-8\° _ 1—-v\° /K (a=p)(1-0) Kﬁ Ll—ﬁ Y
(H ACxynK? L) > < > < X) XX A%y (Axa (7x)!

5f3(1_ﬁ)(1—5) v Ly 1—46x
(57)
I (a—pB)(1—0) B (1 _ I@)(lfa) 1—v 7 A (7_ )Ka [l
l1—0o 4 X a 1-« < XG\TX XX
A(—X)H (A(*X)G (T(fX))) <Kx> KoxL7x' < ao (1— a)(l—a) v 1—6x :
(58)

One can show that these endowment sets have no overlap. Moreover, in each case scenario
the relative price of good G over good H is uniquely defined, Therefore in free trade and for

given technologies, the equilibrium is unique.

9.1.4 B.1.4 Equilibrium profits and innovation decision

Using (6), (39), I can express intermediates production in sector z € {c,d} as: Tx, =

« -« L
prar (%) (1;“) (f}%) "7 Yy, combining this with (41) and (38) gives

Xz

1
1- A 2z =
TX it = ((1 _’%7 (A))(( :) DxztYX 2t (59)

or (18) when ¢ = 0. Using (42), this translates into:

1

1- Axeir \ T A)

TXcit = 7((1 — ;)Y) (AXC“> ’ X ; —1PGtYG Xt (60)
q Xet Ai)_ﬁls + ((1 +7xt)" AdXt)

1— Axai 14 7x:) % A
gl 7)( Xdit ( ) Axa —PctYext- (61)

1—v
TXdit — )
(1-19) Axat Ai)—é + ((1 + TXt)_l AdXt)

The same reasoning in sector H gives:

1

m
> PXHtYX Ht (62)

o = V=) (Axmi
X Hit (1 _ a) AXHt
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To avoid repetition, I let both countries implement a tax gx: on the wages of scientists
in the dirty subsector. Combining the first order conditions with respect to the number of
scientists in the clean and dirty subsector (and assuming that some production takes place in

sector G in country X) delivers the allocation of scientists within sector G as:

o (14 £80) _ PxetYXer _ (1—qx) 1+ 7x¢)° A%
sxar (14 rsq)  PxaYxat A ,

(63)

where the second equality arises from (42) and (44). Similarly, combining the first order

condition with respect to the number of scientists in sector H and subsector d, I get:

sy (14 Rs'q) (14 7x1) " A% pxctYxar (64)
- = — .
sxme (14 78 ) Ad + <(1 +7x0) 7 Axdt)6 pxHtYxmt

With 7x; = 0, these two last equations write as (19) and (20).

9.2 Appendix B.2 Proofs of path dependence and of lemma 2

This proof requires several steps. First, I solve for the allocation of innovation within the
polluting sector for a given mass of scientists. Second, I derive the comparative static of the
growth rate of Axa: and the incentive to innovate in sector G with the ratio of initial clean
and dirty productivities for a given mass of scientists. Third, I show that under the hypothesis
of the lemma, Agg: grows faster than Ange and Anpr grow faster than Agp:. Forth I prove

lemma 2.

9.2.1 Allocation of innovation within the polluting sector

To simplify notation, I introduce the function % (s) = ks*, and the notation

A _ e—1 A B e—1
4x; = min ( Xe(t 1)) ’< Xd(t 1)) <1
Axdi-1) Axe(t-1)

In laissez-faire (19) leads to the following equality

7 (sa (axe, sxar)) (147 (54 (axe, sxear)))EDAM1

/ (e-1)(1—7y)-1

= ® (sa(axe, sxar)) (1 + & (sq (axt, sx61))) axt

where s4 (a, sg) is the allocation of scientists to the subsector amongst clean and dirty with

the highest productivity level at ¢t — 1 and s, (ax, SxGt)
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9.2.2 Effect of relative productivity of clean and dirty on sector G growth and
incentive to innovate

Xd Axec

. A e—1 A e—1
Denote ax = min (A—XC) , (ﬂ> < 1, and define

1+x8(1—s5¢)1 (" (sa) 1+ 7 (sa))(s—l)(l—'y)—l at 7 (s4) (147 (sA))(E_l)(l_"Y)_l
F(1—-sg) 2 ,

fla,sq) = 5 (1+ %(Sa))(sfl)(lf'y) a+ (1 +T{(3A))(5*1)(177)

where s4 (a,sg) and sq (a,sg) are defined through and s4 (a,sg) + sq (a,5G) = sqg, (that
is sp denotes the investments in the sector the most advanced between clean and dirty
and s, in the other sector). f represents for a given overall share of scientists in sector
G, the ratio between the marginal benefit of an additional scientist in sector H divided
by sector H revenues over the marginal benefit of an additional scientist in sector G di-
vided by sector G’s revenues. Note that with « sufficiently small, &’ (s) (1 + & (s))(e_l)(l_“’)_1

is decreasing so that s, < s4. Next note that f is decreasing in sg since sg (sg) and

(1+F(1-sg)) 1
R'(1-sg) 1+E(sa) , (1+R(sa)
" (sa) 7 (s4)

Sq (sg) are both increasing in sg. Rewriting f (a,sqg) = ik I get

(1—){+r(l=sc)) O i) %9—;‘ < 0,s0 that f is decreasing in a, since s4 > s,.

%/(ksc)b(lﬂ(sw+(1+E(SA)))2 (SLA Sa

7 (sa) 7 (s4)
I define similarly the growth rate of sector G for a given number of scientists as: g (a,sg) =

S

((1+E(sa))(E’1)(1*"’)a+(1+E(sA))(S’1)(1*7) (H_g(sa))(sfl)(l*'v)_(H_g(SA))(S*l)(l*'Y)
a+1 (a+1)2
0,since s4 > s,. Therefore for a given amount of scientists in sector GG, the average productivity

P . . ag _
) . g is increasing in sg, and 3 =

grows faster when the productivities of the two sectors are far from each other.

9.2.3 Growth rate of relative productivity

Here I prove the following lemma:

Lemma 4 Assume that 7x: = 0 for X = N, S at all time, that country X initially has the

1 1
ah Kx ~ A(—X)GO)Q*/B K(_x) .
=2 (A(—X)HO T x) and that (i) axo

and a(_xyo are sufficiently small and the previous inequality is strict or (ii) axo < a(_x)o; then

comparative advantage in sector G (%ﬁg)
at all points in time: sxgt > S(—x)gt (with a strict inequality if one of the previous equalities
is strict), and, if one of the previous inequality is strict, Asct/Angt and Anmi/Asm: tend to
infinity.

Proof. To fix ideas, I assume that country X is the South, and that in both countries
1 1
. Asc-1) a8 Kg Ang@i-1) \o=B Ky
Axgo > Axco. Assume that at time ¢ > 1, I have (ASH(tfl)) s 2> Anmin e
and either ay(;—1),ag—1) are both negligible (with a strict inequality) or agy—1) < an(—1)-

Solving for entrepreneurs maximization (63) and (64), I get that in both countries,
R (sxet) (14 R (sxee) T gy = 7 (sxae) (14 R (sxar) D07
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1+ R (sxmt) LR (sxct) (1 +7 (sxet)) VI ax + 7 (sxar) (14 7 (sxar)) DO

f(aq—1),sxct — — —
(a-) ) 7 (sxmi) 2 (147 (sxa))E VI gy + (1 +F (sxg)) DI

PHEY X Ht
paiYxat
Using the expressions for (48) and (49), I get that -when there is not full specialization in any

country- the equilibrium can be summarized by three equations:

f(ax@-1), sxat)

1 Py
(1—a) | 220=0)"" pe (A+RGsxe) VDA, )+ Rxa) VDA, )T Kx
(1=« pGe _ Kx
B8 (1-8)1=F) pre (I+F(sxme))" TAxH(-1) Lx
= 1 )
1\ a-B
~ 1)(1— 1 ~ 1)(1— 1 —1
(1 - p) [ otzai= o, (RO VOV A+ 4Roxa) IOV ) Kx _ g
87 (1-8) =" ph (+E(sxme) T Ax -1 Lx

for X € {N, S} and the equation determining the price ratio p gt m
Now if ay(—1) > ag—1), then, at given sx¢¢, the LHS of the previous equation is lower for

_ _ ey e YT\ 5P
((4R(sxe)) VO A, +(RGsxa) DO A, )T Kx

(1+H(5XHt))17’YAXH(tfl) Lx

the North than for the South. Similarly

~ 1) (1— - (a B) 1
: (4R (sxet) ™ Max oy +(1+R(sxar)) DY) Axci-1)\ o8 K
can be rewritten as ( DT = ) Ai(t) X
(ax(—n+1)(1+FE(sxmt)) XH(t—1)

1
which at given sxat is (weakly) higher for the South than for the North, since (M> ap L—S >

AsH(t—1)
ANGe-1) | o— B K
(W((t—li) LN and since g is decreasing in a, therefore at given sxgt, the RHS of the pre-

vious equation is higher for the North than for the South. For given prices, both the LHS and
the RHS are decreasing in sxg¢, but for sufficiently small s, the LHS decreases faster, there-

1
SG(t 1))a7,8 Ks o

fore ssGt > snat, with a strict inequality if either ay;_1) > ag—1) or if <ASH(t "

(ANG(t—l) ) a7 Ky
ANH(t-1) Ly~
Similarly if both ax 1) and ag—1) are negligible (relative to the difference in comparative

1+% 4
advantage), I get that sxa ~ sxat, f (a(t_l), SXGt) ~ E,’(‘“éi};lj)t) lié?;c;;)t

) and

1

((1 + R (sxe)) DAY Axee-py + (L+F ) i Axd- 1)) -
(147 (sxme) " Axae1)

(147 (sxae) '™ Axaq

(145 (sxme)' ™" Axa-r)

)

1 1
. .. . A _ a— A _ a—
so that, following a similar reasoning, (#23) . IL(—; > (#23) 7 % leads to sgqt >

SNGt-
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Therefore,in both cases ASGt/ANGt > ASG’(t—l)/ANG(t—l) and ANHt/ASHt > ANH(t—l)/ASH(t—l)
Asa(i—1) ) 5 Ks _ (ANG(t—l)
AsH(t—1) Ls = \Anm(t-1)
the strict inequalities are replaced by equalities). Note that ax; < ax (1), so if both ay_1) an

14+R(sa(a,56))
» 14+K(sa(a,sa))

in s¢ and decreasing in a, so if an(t-1) 2 as@-1) and ssgt > syat then any > agy.

(expect in the case where ( ) o p % and ay ;1) = ag(—1), where

as(—1) are negligible, ay; and ag; will be negligible too. Moreover is increasing
The analysis extends directly to the case where one country specializes. By induction, this

is enough to show that sgg: > syge and, that Aggi/Ang: and Anpi/Asp: are increasing

. c s . . . . e A a8 K A a—B K
(with a strict inequality and strictly increasing if either <ﬁ) L—g > (ﬁ) ﬁ or
ano > aso).-

Nevertheless, having sygt < ssgt every period is not enough to conclude that Asgt/Angt

and Axpge/Asm: tend to infinity:syg: and sgge could converge towards each other. However
1 1

Asa—1) ) a8 Kg (ANG(t—l) ) a8 Ky

AsH(t—1) Lg and ANFH(t-1) Ly

each other (which is clearly ruled out), or that both syg: and sgg: tend towards the same corner

this would require that either ( also converge towards

solution. Therefore, it should be the case that in both countries %% either tends towards

0 or towards infinity, which is impossible too: in the Cobb-Douglas case bt YnmetYsme
pat YnGt+Ysat
1;/, and when ¢ < 1 case, innovation overall favors the most backward sector preventing all

scientists from innovating in the same sector in both countries asymptotically.

9.2.4 Reaching full specialization in finite time

Under the assumptions of lemma 2, using lemma 4, I get that at every period ssa: > syat
and that Aggi/Anct and Anpe/Asm: grow unboundedly. Using the expressions (48) and

(49), avoiding full specialization asymptotically requires that bt ANHL pemains bounded (from

Pt Anct
YNt > 0) and similarly %% remain bounded. Taking the product of the two, this leads
towards %% bounded which is a contradiction. Therefore at least one country fully

specializes. For the sake of the argument assumes that the South fully specializes in sector G.
If this is the case, note that asymptotically Aggy must grow at the rate (1 + 5)1_7 — 1 (since
eventually all scientists are in the dirty sector there). Then to avoid full specialization in the

North in finite time, one must keep (from (55)):

ANHt>” - B (1— B) =\ (1 - u)” <Asct)” .
KYLL: o> KLl
< Asct NN a (1 — a)(l_a) v ANnct S8

where 0 < 0 < 1. Now Aggt/Anct grows exponentially, while Anxp/Ase: cannot grow

asymptotically since Agg: asymptotically grows at the fastest rate. Therefore, keeping that
inequality is impossible and the North must also fully specialize. Similarly if I had assumed
that the North specialized first I would get that the South must also specialize in finite time.

Therefore I have proved that I reach full specialization in finite time.
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9.3 Appendix B.3 Proof of lemma 3

Since emission per-unit of the polluting good increases in the South, avoiding a disaster requires
that the production of the polluting good stays bounded. If the South fully specializes in sector
G avoiding a disaster is impossible, while if the South fully specializes in sector H, then in
finite time all factors are allocated to the non-polluting sector by definition and the North
exports the polluting good.

Assume now that there is not full specialization in the South, that is there are an infinite
number of periods where the South produces both goods (and in the following I restrict atten-
tion to those periods). Rewriting (48) with 7g; = 0 and py = psat/pmt, production in sector
G is given by

_ CAsar (BB a7 Aoy \ 555
YSGt B (Og — /8) (aﬁa (1 _ a)(l—a)ﬁ <pt ASHt> (65)

1

«a _ N(1-a) %_5 A L
' (;Bg_gi(l—ﬁ)> 1-5) (ptAijQ BKs—/BLs

1
Therefore to keep Y bounded it must be the case that (pt%) s bounded, with either

1 1
. a— B(1—p)(1=5) a—p3 . .
lim (pt%> F = (%) (lfg)sKS or with Aggy bounded. Using (49), Ysm: can

be rewritten as:

_ GAsm (B =)\ Age |
Yome = (a—PB) (aﬁa(l—a)(l—a)ﬁ (ptASHt> o

1 1
a®(1—a)t™ ™ \* " Asct ) *?

Combining these two expressions with (64) implies that the allocation of innovation in the

South must satisfy

1 1

_(at(1-a)' T Ya—B o Asgt \ @B
K (ssat) 1+ k(1 —ssa) A‘g;tl _ aLs (55(1,5)(1—/3)) (1-a) (pt ASHi> Ks
(1 + K (SSdt)) K/ (1 — SSdt) AS] + Al a(1—q)1—®) Tiﬁ %75 ‘
se0 TS (e 5) T (1= 8) (pdzs ) Ks — BLs

(67)

1 1
a=3 B(1—)1=B)\ a—p5 . .
If lim <pt%> ’ # (gaﬁfg(l*“)) ? (1—/8,5)31{37 ssqr cannot tend towards 0 in which case

Agae would become unbounded, as demonstrated above this would lead to a disaster. Therefore

1 1
“—3 B(1—3)1=8)\ a= .
it must be the case that lim (pt%) F = (%) ? (123% and so asymptotically

all factors in the South (scientists, capital, labor) must be allocated to sector H.
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Denoting Mg and My, net imports from the North, (51) leads to:

1
psctYsat vV <YSGt — MGt> v Ysai

psYsar 1 —v \Ysu — Mp, Yomt
1-0
The right-hand side if greater thani* <%) ° if Mg > 0. But avoiding a disaster re-

quires that the left-hand side tends towards 0, while % becomes unbounded: this yields a

contradiction, so the North must exports the polluting good G.

9.4 Appendix B.4 Proof of proposition 1

The proof is similar to the proof of the previous lemma: I show that as soon as a tax on dirty
research or a carbon tax is implemented, syg: < Ssar and that this eventually leads to full
specialization. Note that in the presence of a carbon tax and a tax on dirty research, the

allocation of research in the North now obeys:

R (snver) (147 (swe)) 71 A,
7 (snar) (1= @) (1 7a0) ™= (14 B (swae) D007 AL o5
R (snae) 2 (147 () DO AT (U 7) 2 (L4 R (o) D00 A,

PHtYNHt
patYnGt
with:

(1 + K <3NHt)) (

7 (swer) L+ R (s5e) EDEI A0y = F (swva) 1+ F (swvae) TP Q = q) 1+ 7)™ Awageny

and, following (48) and (49), % is increasing in 7 at given prices and technological levels.
Without loss of generality, assume that from the first period a tax on dirty research or a carbon
tax is implemented.

First I explain how the presence the tax on dirty research affects the incentive to innovate
in sector GG, second I show that in the first period (¢ = 1), it is necessarily the case that
sNag1 < Ssa1, third I show that in all following periods the same logic applies and finally 1

show that full specialization is reached.

9.4.1 Tax on dirty research and incentive to innovate

Define

f (a’N(t—l)7 SNGt, - Qt)
1+ 7 (syvrre) LR (sver) (147 (swe)) 0 agog) + (1= a0) # (swvar) (1+ R (swar)) 007!
7 (snwi) 2 (147 (s3ver) TV ay gy + (14 R (swar)©DE)
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with sy and syg: defined by

NEDANT v = (1= q) 7 (syar) (1 + 7 (sar)) e DI

(A+7Ne) ANee—1)
ANd(t—1)

4 (Sth) (1 + K (Sth

(Note I keep the same notation as above but here a N(t-1) = and can be greater
or smaller than 1).
o di = P (e-1)(1—y)—1 o) =~ (e=1)(1—7)—1
It is direct to show that &' (syet) (1 + K (Snet)) an—1)+(1 = q) K (snat) (1 + K (snar))
decreases with ¢; when & is sufficiently small to ensure that &' (s) (1 + & (._9'))(671)(177)71 is de-
creasing, which has been assumed so far. The denominator is decreasing with g; since for a
given mass scientists in sector G, ¢ = 0, maximizes the growth rate of average productiv-

ity. However for sufficiently small k, the variations in the denominator are negligible, and for

4 >0, f (an@—1),s8Ge 1 = a1) < f (an—1)s snaes 1) = f (an@—1), SNGt)-
9.4.2 Showing that syg1 < ssa1

The equilibrium allocation of innovation in the North (68) can then be rewritten as

I—q ) _ pmYNmH1
Pc1YNG1

Since f ((1 +7N1) ﬁﬁ;g SNG1, 1+7N1) <f ((1 +7N1) ixsg,st), and that the tax increases

%, the logic of the proof of lemma 2 would fully apply provided that min ((1 +7N1) Axso (1+ 7-N1)—1 %
Age Ane Age C . . Anao Asa ’
Agdg, since AN 0 > ﬁ this is necessarily satisfies unless (14 7n1) > ﬁﬁ. However,

for % sufficiently small, the corresponding tax will be very large, so that the difference in
initial comparative advantage between the North and the South would become large, and fol-
lowing the logic of lemma 2 - but with ag. negligible relative to the difference in comparative
advantage-, in that case too syg1 < ssgi1- The presence of both the tax on dirty research
and the carbon tax dis‘gorts innovation sulch that Ayg1 grows less than without the tax. As a
a=B Kg <ANG1 ) a—B Ky

Asci Ks
consequence, (Asm s> (g I

9.4.3 Showing that syg: < ssar

As long as Ang—1) = Ane—1), the same logic exactly applies: every period 7AZ ZEZ 1))
A . _— . .
%, since less scientists are allocated to sector GG in the North and the allocation is tilted to-

A ANe(t— A _
wards the clean subsector. Once Ay,—1) > Anag(i—1), then #(’;3 = min <A]]:Irdii—1))’ AZiEI_B>

could in principle decrease faster than ASLtl)) since all scientists in sector G can be allocated

to the clean subsector in the North whereas they are shared between the two sectors in the
South; with % sufficiently small, and syg—1) < Ssg(i—1), nearly all scientists in the South

. . A _
can be allocated to the dirty subsector so that this cannot happen and ﬁ decreases faster
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ANd-1) . . . —1 ANag-1) Age(t—1) . .

. G < .

than Aot It is still possible to get (1 + Tn¢) ANIZ(“D S Asaeon)’ with a 5ufﬁc1jnt large

tax (the required tax being increasing over time since 7A§:x_3 decreases faster than 7141 dE:_B)
- (=

this tax would then again lead to a large difference in comparative advantage, unless Ang(;—1)

)

has become sufficiently small relative to Axc;—1), but this will not happen before a significant
number of periods, by which the difference in comparative advantage - which will have built

up with innovation - will be large. Therefore sgg: > sygt every period.

9.4.4 Reaching full specialization

Therefore here as well, ﬁ;gtt and ’XZ At grow unboundedly. From (48) and (49), this necessarily
to specialization in at least one country. Assume that there is full specialization in sector G in
the South, so that asymptotically Aggy must grow at the rate (1 + /<a)177 — 1. Then to avoid

full specialization in the North in finite time, I need to keep (from (58)):

_ B B e—1\ =21 B a1 _ g)i-a) ’ 1-1\° B
A}VI‘(}t <A§VC% + ((1 + TNt) ! Ath) ) K]%L}V “ Z (iﬂé El _ i;(l_a)> <I/> ASGtK)a(Lﬁ( 047

which here again is impossible. Similarly if the North fully specializes in sector H, avoiding
specialization in the South would also be impossible. Therefore both countries fully specialize,

the emissions in the South necessarily grow unbounded and there is a disaster.
9.5 Appendix B.5 Proofs of subsection 3.4
9.5.1 B.5.1 Proof of proposition 2

Assume that at some period (¢ — 1):

ol (1—a)t?
(ﬂﬁ (1-p)t?

1—v

) Avue-nKnLy? > (1 +m) < ) KLY Asga_y,  (69)

Anca-nKNLy “ (1+m) < (

Br(1=B)" Y (1=v
a® (1 — a)(l_a)) < v

where m > 0, is sufficiently large that regardless of the allocation of research in the following
period, (57) and (58) are satisfied (with 7g = 0 and o = 1). Then the North fully specializes

in H and the South in G, therefore, all scientists in the South are allocated to sector G.

> Asgu-nKELg ™, (70)

Now, as innovation in the South occurs in the polluting sector Ag.;/Agq: becomes arbitrarily

small. Taking a first order approximation, the number of scientists allocated to the clean

e—1

A =
sector in the South will be given by: s. = < “1) . Therefore, the growth rate of Agg; is

e—1
Adtfl

=
I+r A(ait— 1

1
e—1 1—¢
(1+ k)7 (1 B € ) <A°t1> > —1, while with all scientists allocated to clean technologies
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1

. . 1—v . . (I=7)e Ai;—ll 1
in the North, the growth rate of Ay is (1 4+ k) 7 —1. Since the series Z sl ey

14w dt—1

e—1 11—
is converging, then ltT (1—r)7[1- (11:;” (jﬁi‘f) is not dominated by ltT (1+x)77,
dt—1

in other words, Agq; can remain larger than M Ang: where M is a constant. In other words,

(69) and (70) remain satisfied in the next period.

9.5.2 B.5.2 Proof of proposition 3

If the North implements a tariff that prohibits any trade, innovation in the South will be
balanced between dirty intermediates and sector H. Using sufficiently large clean research

subsidies, the social planner can allocate nearly all innovation in the North towards clean

1
ANG(tfl))T*B Ky o

intermediates. Therefore, after a finite number of period, I will have: ( A T

1

Asa(t—1) ) a—B8 Kg ANat-1) Age(t—1)
—_—2 n p—

< SH(t—1) Ls & daN(t*l) ANec(t—1) < Asdq(t—1)

in sector G while the South will specialize in H. Worldwide emissions are bounded, so for a

. Using lemma 2, the North will specialize

sufficiently large S, a disaster is avoided.

9.6 Appendix B.6 Proof of Proposition 4

I denote the Lagrange parameters (with the corresponding constraints in parentheses): Ax;

(1)7)‘XH15 (Q)a AxGt (5)a)‘XZt (6)¢(PXzit (7)7 PXHit (3)7 NxXKt (9) for capital, NxrLt (9) for
labor, 0 (10) in sector G,60p; (10) in sector H, wy (11), pix,i (12),vx: (14), in addition

the social planner faces the constraints: 0 < Yxg: and 0 < Yx ¢, with Lagrange parameters:

Lxat, txme- Taking the first order condition with respect to Yx ¢ and Yxg: gives:

Axut = 0mt + exae and Axar = O0ge + txar-

First order conditions with respect to Cn; and Cgy lead to:

1 Ou v (S _
——(C Cst,S¢) = ———— (C Cst) "= Axt = M\
(1+p)t80( Nt + Cst, St) (1—|—p)t (Cnt + Csy) Xt ¢
First order conditions with respect to Cxg: and Cx g, give:
-1 =1 o—1\ o1
AMvC ey <VCXZ't +(1-v) CX%t) = Oat, (71)
=1 =1 o-1\ o-1

N (1= ) O (03 + (1= €)™ = O (72)

Oct/ e and Opy/Xy can be interpreted as consumer prices in terms of units of welfare. To

emphasize this interpretation, I denote pgr = 0t/ A\ and prr = 0ge/A¢. 1 then get:

1 1
bat _ v <CXHt>" _ v <CNHt+CSHt>"
put  1—v \Cxat 1 Cnat + Csat

— UV
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which is the equivalent to the equilibrium condition (51). Taking the first order condition with

respect to with respect to Yxp; and Yxg; gives:

Axut = 0mt + txme and Axar = O0ge + txat,

so that when production of good Y € {G, H} takes place: Axy¢ = 0yy. Defining py;; = £

t

and px.; = )‘f\(:t, which can be interpreted as the price of intermediate x x,; and of input Yy,

first order condition with respect to xx,;; gives:

~ o~ ] y—1 @ 1—a\ 1=
Bxait = WPxtAxzaw )y (KS4L.3)

9

which is the same as (37). Combining the first order conditions with respect to K. and

Lx i further gives

“~x ~1—a
Bosy = VX e Wx 1t
X zit a (1 —Oz)l_a’

where Tx gy =

n’f\ft and Wxr; = ”)/{t“ are the prices of capital and labor in country X. This
last equation is identical to (38) when the optimal subsidy ¢ = 1 — v is used. Recovering the
equations equivalent to (40) is direct. First order conditions with respect to Kx,; and Lx ¢
allow to recover the equations equivalent to (36). Now taking the first order condition with

respect to Yyg: and Yy, one gets (when Yxg # 0):

R _1 e—1 e—1 e—1 N Wt
Pty \ Yo + Yar = Pxart 5)\7’
R 1 e—1 e—1 sil =R
PGtYx <YX§t + Yy > = DXt

this is equivalent to (42) with a tax 7y = {5%--. Therefore:

1—
Nyrr — VNS kX1t
XG — 1 )

e—1 -1 e-l) et 1— a 1—a
Ay, + <(1 +7x) AXd> (1—)""y7a*(1 - a)
so that, as in equilibrium, country X specializes in good H if
L

e—1\ e—-1 '
(52 + (a4 m0 axa) ™) T - e (e

Pxa <

The analysis of sector H is identical except that there is of course no tax there. Now the first

order condition with respect to S; gives

1 Ou
(1+p)" 05

Wt =

(CNS + 0357 Ss) + (1 + A) Ist+1<§wt+17 (73)
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where [ is the index function, so that

= (1+ A)Sit ou
Wt = ZWI&,“,SK?% (Cns + Css, Ss) - (74)

s=t

This delivers the expression for the optimal tax:

§ > (1 + A) st ou
TXt = = — I == (Cns + Css, Ss) - (75)
Pxarge (Cni+ Csi, St) sz:; L+p St Be<8 g e
I now turn to the optimal solution for the innovation part. First as in the equilibrium case,

only the average level of technologies (defined in (13)) matter, since the law of motion can be

written as
1

1 o 1
Ay = A)I(;;{(tfl) + R (5x2it) A)l(j(tq)v for z € {¢,d, H}, (76)

the solution is also symmetric: sx.i = Sxz for z € {¢,d, H}.

Now taking the first order condition with respect to Ax., gives:

M zit
- _ 1_,Y
_ 04 af rl-apB
= AXHITx i (KthLth

1 1

1y 1 -
~ Axoe \ T ~ Axot \ 7 ~ Axzt \ 7
e (5na (82 ) -sno () v (22)”)

1

1

—=—1 -y

1~ Al—'\{ _ A . ﬁ )

+/ E(Sth) Lj <1 + K (Sth) <AX t > ) Aijt,LLij(tJrl)dL
0 Al_w Xzjt

Xzjt

(with a8 = a if z € {¢,d} and a8 = B if z = H), multiplying both sides by Agw one gets:

= —_ 1—v s
- — 1— — ~ .
#XzitA)l(z’;t = AXth')Y(zitA)l(z’zy‘t (K)ﬁ(thXzf> +MNZi(t+1)A)1(z’;t+1+K (SXZt) /A;(Z}t+1usz(t+1)d]’

it

= — —\ 1—v
since the equivalent of (39) also holds for sector H, Ax.tx,,; Ax., (K)O‘('thL;Z?'B ) is a

—7
. . . 1— . . .
constant across varieties 7. Therefore, puy,;; Ay, is constant across varieties and one can
define:

ol

_ Ath 1-v
Bxat = ] KX zit
AXzzt

which represents the shadow value of one unit of average productivity in sector z, in country

X at time ¢. I can then show that py,, follows the law of motion:

BxatAxzt = AxatYxot + Bx 1) AXat+1- (77)
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Now taking the first order condition with respect to sx.;+ one gets:
1 1 -
- Ax(i-1) \ T - Axz-1) \ T
vxt = Pxi (1 =) R (sxzit) (Z()> 14K (sxzit) <Z()> AXzi(tfl)u
Axi(t—1) Axi(t—1)

which can then be rewritten as:

(1= ) F (sx2t)
1+ 7 (sx20)

vVxe = /’LthAXZt

Or defining vx; = vxi/Axt, the wage of scientists in terms of utility units, I can rewrite the

last equality as

~ (1 - Sth /\
Uxt = 78
Xt 1 + K SXZt SZ )\t ( )

Using (41), (42), (43), (44) gives:

PxctYXet A pxatYxar (L+7x1) % A%

Y B e—1? Y- _ e—1"
PXGIYxXGL  pe-1 <(1+7Xt) 1Ath) Pxaeixer el ((1+7Xt) Ath)

Combining this last two equations with (78) and (77), I get (24).

9.7 Appendix B.7 Proof of remark 2

First, I show that the social planner always chooses to avoid a disaster. Avoiding a disaster
is always feasible since the social planner could simply stop production of dirty inputs in both
countries. If n > 1 a disaster leads to U = —o0, so the social planner would avoid it. If n < 1,
a disaster leads to a utility flow equal to 0 in the current and all the following periods, whereas
by reducing the production of dirty input enough, the social planner can achieve a positive
utility flow, without any cost on previous periods.

The rest of the proof has three steps: first I show that when there is no environmental
damage, and 1 < 1, the social planner maximizes long-run growth, second I derive the long-

run growth properties of the switch and full specialization in finite time case, third I conclude.

9.7.1 Maximizing long-run growth

Here, I establish the following lemma:

Lemma 5 Assume n < 1. Consider an allocation (Cyy, St) such that there is a t1, a A > 0
and a g > 0, such that fort > t;, S; = S andlim Cyy¢/ (1 + g)' = A > 0. Then for p sufficiently
small the social planner would rather choose the path (Cwy, Si) to any other (Cyy,, Si) if there
is a M > 1, such that for t > ta, Ciy,, < ﬁcwt.
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Then there is a ¢3 such that for all t > ¢3, Cf;,, < ﬁCWt, S; = S and there is a € such that
Cwi > (A—¢e)(1+g)"

First I consider the case where n = 1:

U-u

) tsz:llog (Cwt) — log (CYy,) + log v (Sy) — log v (S]) N ilog (Cwt) — log (Ciyry) N ilogu (S) —logv (S))
= (1+p) = (1+p) = (1+p)
tszllog (Cw) —log (Cyy) N logM 1 ilogu (S) —logv (S})
par (1+p) (1+p" " & (1+p)

the first term is bounded, the second one tends to infinity as p — 0 and the third term is
positive, so for p sufficiently small, U — U’ is positive.

Similarly, when 1 < 1,

U-U'

o) T - wehon $ (v ew) "= (s i)'

P (1=n)(1+p) = (1+p) (1 —1n)
N t3—1 (V (St) C’é{/}n)l—n — (v (S C{/Vt)lfﬁ N (A-— 5>1—n y (?)1_77 (1+p) (1 R ) <(1 N g)(l—n)>t3
t=0 (L=n) (1+p) (1—=n) (1+,0— (1 +g)(1_n)> M Lo

where the first term is bounded, the second tends to infinity when p — (14 g)(l_") -1,

therefore for p sufficiently small U — U’ is positive.

9.7.2 Long-run growth rate in the switch and full specialization case

Consider the case where after a finite number of periods, country X fully specializes in sector
G with more innovation in clean than in dirty (so that asymptotically all innovation occurs
in clean), while country (—X) specializes and innovates in H only. If this is the case first
note that after another finite number of periods, I get S; = S, (see Appendix D.2: dirty input
production goes to 0), second that Axg: grows like Ay at a rate (1 + 5)1_7 — 1 and that

A_xpge grows at a rate (1 + & =Y _ 1. World consumption then follows:
(=X)H

o—1 o—1

Cwi = (v (var+Ysa) ™ + (1= v) (Vm + Ysm) 7 )

led
o—1

a1\ 5—1
= C(V (AxaKSLY %) 7 +(1-v) (A(—X)HtK(BfX)Lé:ffﬂ 0 ) ’

which grows at a rate (1 +#)""7 — 1.
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9.7.3 Allocation in a non full specialization case

Consider any allocation (Cly,, S). First note that (1 + )"~ —1 is the largest possible growth
rate for Cyyy, since asymptotically Yya: + Ysge cannot grow faster than max (Ange, Asae) and
YN+ Ysg: cannot grow faster than max (An ¢, Asyt), and the fastest asymptotic growth rate
for Axgt, Axmeis (14 /@)1_7 — 1. Now if either Yyt or Yiy g does not grow at (1 + /<;)1_7 -1
asymptotically, then an allocation featuring full specialization and full switch in finite time will
necessarily be preferred by the social planner in view of lemma 5 for sufficiently small discount
rate p.

Now, to get Yiyg: growing at a rate (14 ,‘1)1_7 — 1, it is necessary that in one country
production of good G grows at a rate (1 + n)1_7 — 1. Without loss of generality, assume that
Ynat grows at (1 + /<;)1_A’—1. As Yng: must remain bounded to avoid a disaster, Yy must grow
at a rate (1 + x)'~7, which requires that Aye grows at a rate (1 + &)~ — 1. Similarly to get
Ynmt+Ysh: growing at (1 + /{)1_7— 1, it is necessary that either Ay or Agps also grow at the
rate (1 + /@)177 — 1. Since asymptotically all scientists must be allocated to the clean subsector
in the North, Anp; cannot grow exponentially and Agp; must be growing at (1 + H)li’y -1
(and in return, Agg: does grow exponentially). 557) and (58) must then necessarily be satisfied

A€761+ (1+T )—IA e—1\e—1
in finite time (since ( Nei+( Tt_ — Ndt) ) asymptotically behaves like Ay ), and full

specialization is reached.

Therefore the optimal solution for sufficiently small p must feature full specialization in
finite time with a switch to clean innovation in the country specializing in sector G. Moreover,
once the clean technology is sufficiently advanced in the country specialized in sector G, emis-
sions will be negligible so that the quality of the environment will go back to S and the input

tax goes to 0.

9.8 Appendix B.8: proof of proposition 5

This proof has two steps, first I specify the equilibrium constraints for the South, second I

derive the social optimum.

9.8.1 Step 1: Laissez-faire constraints in the South

First I recall the explicit equations for the constraints (28) and (29). Ysg: and Ygp: are given
1 1 1
if (p, Asae )P Br(1=p) "V a=F Lg (1) 7P\ eTF L
by (65) and (66) if (pt A?ii) © <(a“(1—a)(1a)> Rs’ ( aB(1—a)t=7 ) Ks |

Ysor = 0 and Yspy = CAsai KoLy ©
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Asa \ o8 o (BB~ 7 L
f(p AgIG{i) —= (Oéa(l Oc)(l cx)) KZ and

Yot = (Asi K& Ly © (79)

™|

1 1
oy B(1—p)1=8)\ a—B . . . .

if (pt%> > <%> ’ [L(—z This overall delivers the constraint (28) with the

function yg¢ increasing in p; (weakly), and Agg: and decreasing in Agpy (weakly), and the

function ygpy decreasing in p; (weakly) and Agg: (weakly) but increasing in Agpy. ysg and

ysg are only piecewise smooth (at the corner of full specialization, the functions are not

differentiable). Note that since the South economy maximizes GDP:

0ysa n 0ysm
bt op Op

= 0. (80)

1
a8 B(1—p)1=B)\ a— . . . . .. .
When <pt%> b (%) ’ [L(—S, the allocation of scientists is trivially given by

Ht

V

1

1
] Br(1-p) = \a-F _ A =B
~ (ﬁ Kig’ by Sdt — 0. When ptﬁ S

b
n
@
~—
°
|
A\

sq+ = 1 and when (pt

(1
«@ (1-a) a— B(1_ (1-p) a—0R
<<W) o [L(—i (%) - [L(S> the allocation of scientists is given by (67),

that is:

L+R(1=ssar) ™ (‘% (SSG“ o ) (ASdt >6_1 (81)
" (1= ssat) <1 + 5 <§§Et (SSGt, Aser ))) Asar

1 . o
A \ T (1 - (M)ﬁ Asch 7" o=
“ (Ath> LS (1 Oé) 55(1_5)(175) Ag;;tf Py KS
1 1 —
a(1—a) 1=\ a=5 25 AL\ P R
(1-5) (W) Dy 7 <Alsc(§> Kg— B <AgHt> Ls

where sgg; is itself define through:

) (5 (o

1+k (35Gt — 5Sdt <SSGt, v o )) 1+k (gsvdt (85Gt,

~/ ——
K (SSGt — SSdt <3SGt7

BN ()

This corresponds to the constraint (29).Note that I defined sgq: as a function of sgg: and Azd:

M as I did in Appendix B.3, this allows to express sgq; as a function of the

not of sg and —
current product1v1ty levels, which simplifies considerably the expression of the optimal tariff.
I use the tilde to ensure that the difference between the two functions is explicit (however,
81 also implicitly define sggy as a unique function of p; and the previous period technology
levels). Note that the function sgg (weakly) increases in py, and (weakly) decrease in Agpy.

It is possible to show that the function sgg¢ is continuously differentiable. Moreover, (81) can
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be rewritten as:

<pt dysa . 3ySH> K (ssmt)
0Asm:  0Asut) (L+ K (SsHt))

# (5 (500 22)) a0
(1 +& <3/§d/t <SSG:S:2t>>> <A5cd;tt> Asar (pt 8j§2t * 8;?22) ’ (89

Sd
Set

Agmy (83)

which stipulates that for given prices, innovation in the South maximizes current GDP p;Ysg:+

Ysui.

9.8.2 Step 2: Deriving the social optimum

To simplify a bit the exposition, I combine (11) and the emission equation for the South
Ysat = (Asat/Asat)” Ysar into:

S; = max <min <(1 +A)S1—¢& (Yth + <ﬁ5dt >€ YSGt> ,S) ,0> , (85)

SGt

I then use the following notations for the Lagrange parameters (the corresponding con-
straints are in parentheses): Ax; for (1) - both in North and South -; for the North only: Anp¢
(2), Anct (5), ANzt (6).onzie (T), Onmie (3), Mnke (9) for capital, nyp, (9) for labor, py;
(12), vt (14); we (85), OnGes Onrt, Osae and Ogpy -with obvious subscripts- for the equations
in (25), x; (26), k¢ (27), Asae and Asme (28), ¢, (29), hsHe, Mgar and pge (30), in addition, the
social planner faces the constraints: 0 < Yygy, 0 < Yy, with Lagrange parameters: tygy,
UNHt-

As specified above, the functions ysa and ygpg are not everywhere differentiable, in the
following I therefore use generalized Karush Kuhn Tucker conditions: at point of non differen-

tiability the notation 2s¢ s~ _OUsG refers to elements of a vector <8ySG dysa_dysa )

Opt > OAsci’ OAsh: Opt > 0AsGe’ OAsmy
belonging to the Clarke generalized gradient of ysg. Therefore it is still the case at these points

9ysa 9ysc 9ysa
that Ope >0, Ao > 0, DAcrn: <0.

First order conditions with respect to all the “North” variables, and S; allow us to recover

exactly the same equations as in the first best for the North part of the economy (up to
replacing 0g¢ and Oy by Oyt and and Onp). This shows that the economy in the North
is similar to the first best case (with a carbon tax, subsidy to the use of intermediates, and
research taxes/subsidies that which can be used to decentralize the equilibrium). I am now
going to derive that the social planner creates a wedge between relative prices in the North and
in the South. To assess the generality of the results, I will not immediately use the functional

form. Moreover taking first order condition with respect to Cgy, I get:

1 9 Syt
- (Cnt+ Csy, Sp) = v(5)

_— —_— T = Agy = Ayt = Mg
(1+p)t 90 (1+p)t (Cnt + Cst) St Nt t
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Taking the first order condition with respect to Cgry, I get:

9Cs
OsHt + ki Ksar — ), 9Cs =
ICspy 2Cs 0Csmt
0CsH¢
and with respect to Csgy:
0Cg
ac 0Cs
Osat + ki 59t = )\
OCsqt -2Cs ICsat
0CsH¢

Therefore combining the two:

-1
)\t (1 — I/) CS(}-It (1/0

-1
= MUy (Vcsét + (1 =) Csyy

so that:

o—1 a

o—1 o—1

aCyq
0 9Csqt
Osmt + ki 9Csm: _9Cs 9Cs
9Csut _ OCsme _ *
aCg 9C e
o) 9CsGt 9Csat
Osct + kit 9Csq; _0Cs
9CsHt
0
et — Osmt
Kkt = aCq aCg
0 9Cggr 1 __ 0 90sg
0Cspy _9Cs  pt 0Csgy 9%
9CsH 9CgHL

First order conditions with respect to Ysg; and Ysg give:

Asat = O0sar — wi€ <

Asat

First order conditions with respect to Mg, and Mgy give:

A £
Sdt) and Asg¢ = 051,

peX = Onat — Osar and x; = OnEe — Osht,

so that

bt

t

Finally the first order condition with respect to p; gives:

Meaixy =

AsGt

dysa
Opy

+ Asut

Oysu
Opy

0554t

+Ht+¢t87pt

)7 6

sé +(1=v)Csyy

(83)

(92)

Let us denote by (14 b;) an add valorem tariff (export subsidy) on good G, using (71) and

(72) in the North one gets,

1

801\/ C; 9 ~
IdCng VOUNHt __ UnGt _ PNGt
aCy I 9 - =
DCnil (1 _ y) [ NHt PHt
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Now plugging (89), (88), (90) and (91) in (92), I get:

(Ongt — bsat)

Mey
Pt
e OsGe __
_ (g Asat dysa 0 0ysu ot — s dsscu
= SGt — wi§ 2 3 + Oshi 3 + 305 5o T b T
SGt Pt Pt 0 9Cggy 1 __ 0 90sgt Pt
0Cspr _9Cs pt 0Csqr _9%s
9CsHt 9CgsHt

Further, using (80), (71) and (72) for the North - replacing 0¢g¢ by Onai-, (87), (86), (88) and
(93):

Mey < dCy  9Cs > (94)
pt \OCng 9Csci
9Cg
(1_MGt 808 3ggct>
__wi (ASdt>€aySG ¢ Ossar | OCn ptaySG N e OM56t pogu
A \Asat) O M Op | 9Cnm Opy 9 Be 1 o e
0Cspt 9%~ p; 9Csqt 9Cs
9Cs 9CsHL

This expression shows that the social planner imposes a wedge between relative prices in the
North and in the South. With homothetic preferences, this wedge is entirely created by two

g
terms: —wg (%) ag% (which is going to be the environmental motive) and ¢, 83;% (which

is going to be the innovation motive), indeed if w; = 0 and ¢, = 0, the solution to that equation

— : oCy _ OC .
would be by = 0 -as long as preferences are homothetic, so that 5z ;’G = 8032 - at equal relative

price). There is no terms of trade motives for the tariff since the social planner cares equally
about consumption in the North and consumption in the South. From here, I use the specific

functional forms to get a more explicit formula for the tariff to get (see Appendix D.4.2):
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1

(y“ + (=) (p (1 + bt))“l) o , o s .
1+ b tDt Opr ( )
1
(vo+1=1)7 (pr(14b:))7 ) 7T (1+be)v7 +(1+0by) (1-v)7p] ) o
+ (1+bt)(y0+(171/)0p?71) v YSHto' o—1
_ (VU + (1 _ y)opg—l)ﬁ Pt (VU + (1 - V) Dy )
_1
. (v + (=) ) (1 v)° p7 s
v 4+(1=0)% (pe(146:))° 1) 7T Lo (1—by (o— —v)7p? ! o o, o0-1
(i) (n(L+20) )T v (if+(11_)l§%g—3)pt pe (v + (1=v)7p{ ")

1
_ o _ . \C o—1)o-1 P A=l
) (224 007 b)) by (s s it Es

+ ~/
(1 =) D¢ (14 by) Opt - a(?}@gt (1i‘é?§§;1))ASHt
e—1 ~/ ~1
o (A (e o L (1 Ao et A e~ s o s
oMl e e Bl e () (Rt R - ot ) Yoo
Issct pt HsHt4+1 &%ASMH
Ope MDy | — <“5dt+1%’45dt+1§§§g + ﬂ5ct+1‘(1ié?§;iz))ASCt+lgsgggt)

® (ssar) 0 A R (sseqean) .
+635Gt bt (1 - 'Y) (5 - 1) be% HSe(t+1)42Sc(t+1) 1+j(55c(t+1)) Agct _ 885d(t+1) )
I AtDy K isser) Osser Fssaeen) | A5) day

" T+R(s5er) D550 —1sd(t+1) ASd(t+1) 7 T (ssarn)

D, given by

is strictly positive. On the left-hand side, the first term has the sign of b; since pt%

_ 883@5 %, (SSHt)
Dy = (1—7)7" = A 96
! 1= OAsm (L + 7 (ssmp)) Mt (96)
K (ssdt) 0ssar 055Gt K (sset) Jssct 0ssat

(AR (ssar) P 0sscr 0OAsay  (L+ R (55)) " Dssau OAser’

> 0,

the second term has the sign of b; except possibly for b, sufficiently small (close to —1) when

o < 1, and the third term has the sign of b; except possibly for b; sufficiently large when o < 1.

The sum of the two terms into brackets, however, always has the sign of b; and when b; gets

sufficiently small, the South exports good G (so that v7Ygy: < (1 — v)? pfYsat) and imports

good G when b; gets sufficiently large, for all purposes the sum of the second and third term

will have the sign of b;. The forth term also has the sign of b;. Therefore b; will have the

sign of the right-hand side (RHS). On the RHS, the first term in bracket is weakly positive
since 5gsc >0 823@ > 0. Quse > . Guse < (( R'(ssat) _ Ossqr _ _F'(s5ct) 355ct> >0
pr = 0 Opr = = =

? 0Asgy = 7 O0Asme 1+r(ssdt)) 0ssae  (1+R(ssct)) Ossat

and the denominator is positive. This first term therefore pushes towards a positive tariff (this
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is the environmental term) - with w; still given by (74)-, note that the first part of this term
represents the effect of the tariff at given technology, while the second term represents the
environmental benefits from reducing innovation in sector G. The second term has the sign of

~I/

- - __F (ssmt)
(1 4+ & (ssat41)) ' Hsmes (1 + % (ssmt))
K (sgat) Ossat

+ 7 (ssar) % Bssau

Asmi

4 (S.S'ct) 8S.S'ct \

1+ 7 (sse0) “Bssar,

- ((1 + R (ssae+1))' 7 Hsari i + (LR (ssets1)) ' Bserra

which is the difference between the social value of allocating one scientist in sector H in-
stead of sector G, for all the future periods (that is not including the current one). The
last term, reflects how the allocation between clean and dirty innovation in the future pe-

riod is affected by the current number of scientists allocated to sector G, and has the sign of

<, -
A R (ssetern) A F(ssagn)_
HSe(t+1)41Se(t+1) TR (55e(tsn)) Ksd(t+1)41Sd(t+1) 177 (55a011))

on one hand, since the South is not going to switch to clean technologies, developing clean

, this could be positive or negative:

technologies in the South has little value for consumption’s sake but on the other hand, dirty
technologies polluted. However this term vanishes as Asc(t_l)/A Sd(t—1) goes to 0.
Finally note that when the South is fully specialized- and not at the threshold of spe-
1 1 1
Tt Asgr ) P B =R~ \a=B Ly (pP-BU P \a=F L dysa _
cialization ((piefs5e) ™" ¢ <<a<1_a)<> B (o) &5 )) Bt = 0and

Jssa

th =0, so that the optimal tariff turns out to be b; = 0.

9.9 Appendix B.9: proof of proposition 6

I first study the case n < 1 and then the case 0 < 1 and i > 1.

9.9.1 Casen<1.

The proof follows closely Appendix B.7.

First note that when n = 1, a disaster leads to a utility flow of —oo, so whenever it is
possible the social planner will avoid it. When 1 < 1, a disaster leads to a permanent utility
flow of 0, but as intervention in the South is prohibited, it may not be possible to avoid it
without affecting previous period utilities. However, one can follow part 1 in that case - which
is still true-, and as for sufficiently low discount rate positive growth of the utility flow is
preferred, a disaster is avoided. In Part 2, I must specify that it is the North that specializes
in G, such an allocation is feasible as explained in proposition 1 iv)), and since the South
cannot impose a tax or switch to clean technologies, the case where the specialization would
be reversed could not feature a sector G growing at (1 + H)1_7 —1 and avoid an environmental
disaster. Part 3 must be slightly amended. I still have that there must be a switch towards

clean in the North, but the argumentation for full specialization is a bit more complicated.
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As before (57) and (58) will necessarily be satisfied in finite time, so that absent any trade
tax, there would be full specialization. A trade tax that leaves the South specialized is never
optimal: this is direct from the expression for the optimal tariff when the relative price of good
G is below the price that just leads to specialization, in the corner case, the trade tax does not
affect production in the South, cannot affect pollution if clean technologies in the North are
sufficiently advanced, and is therefore just distorting for world consumption (since the carbon
tax in the North becomes negligible, free trade maximizes world consumption and technological
level in the North can be maintained at the same level with appropriate policies). Now let us
assume that there is a non null trade tax implemented at a time ¢ (sufficiently large) that does
lead to some production of good G in the South (although asymptotically resources devoted
to that sector must go to zero), and let us consider the alternative case where everything
research subsidies in the North are adjusted so that technological levels remain the same and
free trade is implemented in every following periods. At given technological levels, a non null
trade tax leads to lower world consumption than free trade. Now, when removing the trade
tax, technological levels in the South are affected: Agg: decreases and Agp¢ increases, but
in free-trade this leads to even larger level of world consumption. Therefore welfare is higher
under that alternative set-up: no trade tax is implemented and full specialization is reached in
finite time. All research is allocated to sector H in the South in finite time, and asymptotically,

all research is allocated to clean intermediates in the North.

9.9.2 Casen>lando<1

First note that in this case a disaster leads to a utility flow of —oo, so whenever it is possible
the social planner will avoid it.

The proof is done in 5 steps: first I show that in the optimum Cy must grow without
bound, second I show that in the South, Ysg; is bounded and that asymptotically all scientists
must be allocated to sector H, third I show that Ay must grow without bound and that
there is a full switch towards clean innovation in the North, forth I show that I must then
have exponential growth in Ay in the North, fifth I conclude that full specialization must be

reached in finite time.

Part 1: the optimal solution must feature positive growth I want to show the fol-

lowing lemma:

Lemma 6 Assumen > 1 and o < 1. Let us consider an allocation (Cyy,St) such that there
is a ty, such that for t > t1, Sy = S and lim Cyyy = co. Then for p sufficiently small the social
planner would rather choose the path (Cwy, Sy) to any other (Cjy,, S) if Ciyy ts bounded.
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Proof. Then there is a to and a M > 0 such that for all ¢ > ¢o, C’{,Vt <M< %C’Wt, S, =S.
I then get:

LS (o) T - )0 S 1 (v(8) Cwn) T = () Ci)
U §(1+p)t< 1—=n +tz;2(1+p)t 17
to—1 1 Cé[;tn N (C{/Vt)l_n / ” (5)1*77 1 1 1
’ tzg(lﬂ)t( A R (1_2"_1>(1+,0)t21/?

where the first term is bounded, the second tends to infinity when p — 0, therefore for p
sufficiently small U — U’ is positive. ®

An allocation leading in finite time to full specialization in sector H in the South, and
to full specialization in the North in G is feasible and satisfies the assumption of the lemma.

Therefore the optimal solution must feature positive long-run growth in both sectors.

Part 2: scientists must all be allocated to sector H in the South asymptotically

This is a direct consequence of lemma 3: Agp; must grow at the rate (1 + Ii)li’y— 1 (technically,
t

Agp: may be dominated by (1+ )™ but grows faster than M ((1 +r)7 —:c) , 1O

matter how small z is).

Part 3: Ay, must grow and switch to clean in the North Note that

o—1 o—1 a%
Cwi=Cnt+Cst <2 (V (Ynat +Ysar) © +(1—v) (Ynoe + Ysme) ) ' )

so that with o < 1, to get Cy; unbounded it is necessary that Yya: + Ysg: is unbounded,
since Yga¢ is bounded, I must have Yyg: unbounded. Yyg4 must remain bounded however, so
that using (44), Anct/ ((1 +7ne) Ath) must tend towards infinity. Using (24), innovation
in sector GG in the North must switch to being mostly in clean technologies, so that Ay¢ grows
unboundedly, while Ayg; grows infinitely less, and emissions in the North become negligible.

Anat/Ane becomes negligible and syg; is negligible relative to syt

Part 4: there must be exponential growth in Ay, Assume that this is not the case,
then in the North all scientists must be allocated to sector H asymptotically and Ay p: must
grow faster than ((1 +r)Y = x)t, no matter how small z is. If the North fully specializes in
sector G this is clearly not optimal. For the North not to fully specialize while the South does
so in H, it is necessary to prevent (57) from holding with X = N, since when the South is fully
specialized (not at the corner), by = 0. Note that this is impossible if Agyy and Anpy both
grow faster than ((1 + /4)177 — $>t for all x > 0, and Ay, does not grow exponentially, in
fact if Ane does not grow exponentially, this case will never be possible after a finite number

of periods. Therefore, after a finite number of periods the South does not specialize.
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Lemma 3 already demonstrates that the North cannot import the polluting good, therefore
the only possibility left is that the South does not specialize and the North alternates periods
with non-specialization or full-specialization in G, and Mg; < 0. To ensure that Ay does
not grow exponentially, it is necessary that in periods where the North does not specialize,
liminf sy = 0.

Now I show that if % is bounded below, liminf sys # 0. Indeed, in the North

innovation switches to clean in sector G in finite time, so that in periods where the North does

not specialize:
K (snm) 1+ &(sngr) _ PNt ANet
(1+FR(snme) R (snat) N AN

and to ensure that liminf sy = 0, I must have lim inf M‘;}N“ = 0. Now:
KNHtANHt

ANetYNet _ DNetYNet _ PNGtYNGt PNetYNet
AN YNHE  PNEHYNHE  PNHIYNHEDNGHYNGE

. 1 . . wtYNe .
where since Ane/ ((1 +7Nt) A th) tends towards infinity 1% tends toward 1. Now if

bNGeYNGt g hounded below, then necessarily 22etYNet g a]so bounded below. Denote such a
PNHtYNHt ANHtYNHL

bound by m, using (77), I can write that at a time ¢ where the North does not specialize:

o
A Z)\thYth
BNctANct  _ ¥'=t
= 7
1% ANnmt
NH Y ANHYNHt
t'=t

since pygoAnNmo is finite, py AN e must converge, so that there is a t9 large enough so that
00 t=to—1

for the ¢ that I am looking at NNHt2ANHt2 = Z )\NHtYNHt < ANHtYNHt < Z ANHtYNHh
t=t2 t'=t

and
00 to to
Z )\thYth Z )\thYth Z mANHtYNHt
PnetANet _ =t t'=t t'=t - m
UNEANEE 7 h 7 n 27
t,ZtANHtYNHt 2 Z )\NHtYNHt 2 Z ANHtYNHt
= t'=t t'=t
so that TR yerm must be bounded below, and liminf sy # 0.
Now I am going to show that indeed, when Mg < 0 PNGEYNGt gt be bounded below.

> PNHtYNHt
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First, I can write, using (48) and (49),

_1
A€—1 1 —1A el =1
et T (A +7N8) " Ana

PNGtYNGt  _
PNHYNHL (A + (L+7ne) AN )
L\ =
1 e—1 -1 e—1\z=1 \ ¢
o(1—a)1=)\ a5 pz(l-&-bt)(Ath-i-((l—&-TNt) Ath) )
(S65mm) " 0-8) A Ko =k
X 1
1 “—8
1 e—1 —1 e—1\ez—1
a(1—a)'=* \ a-B pt(1+bt)<Ath+((1+TNt) Ath) )
aly — (7;(175(175)) (1—-a) Ao Ky

Now assume that z% is not bounded below, then no matter how small m is, there must
e—1 -1 e—1

PNGtYNGt ; AV rN) T ANa) -

be a t such that e < m, Since lim (A (A 1, I must get that the nu

ot ANGt(TNt) ) =B
PNHt ANHt

is bounded above and using (48) and (49) that Yy g/ YNt is greater than some constant times

merator must be smaller than some constant times m. This implies that (

the inverse of m. Now, I can also write (for Mg; < 0 which I have assumed),

-1 -0
pNaitYnGt v <YNGt+MGt> " Ynar o v <YNHt> v

pNmYNa: 1 —v \ Y + My Yvu: — 1 —v \ Ynat

1—0c
which must then be greater than some constant times the inverse of m = , clearly that con-
tradicts the assumption that % is not bounded below.
PNHtYNHt

Therefore 1% is bounded below, I get a contradiction in all cases and Ay must

grow exponentially.

Part 5 full specialization must be reached in finite time As Ay grows exponentially
(a positive mass of scientists are asymptotically allocated to clean intermediates in the North),
then it must be the case that Aypi/AsH: tends towards zero. Therefore, %% must tend
towards 0, and (since g = 0 and oy — 0), (53) -with X = S- cannot be satisfied, so that
asymptotically, one country at least has to specialize and the North has the comparative
advantage in producing good G. (57) must be satisfied in finite time (with X = N, as 7¢ =0
and Anc/Angs — 0 and dn¢ — 0), if at some point condition (58) becomes satisfied, than
without a trade tax the economy would feature full specialization, and I can apply the same
logic as in case 1 < 1, to conclude that a non null tariff would necessarily be welfare reducing.

Let us then assume that (58) is never satisfied (which requires that Ay, does not grow
faster than A}V_Igt). This corresponds to a case where without the trade tax, the North would

fully specialize in GG, while the South would produce both goods. Now if indeed the North
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were to permanently specialize in G, all innovation in the North would be directed to clean
innovation and (58) will end up being satisfied. To ensure that (58) is not satisfied, a trade
tax must be imposed in an infinite number of periods. A trade tax is not optimal when the
South is specialized and not at the corner of specialization, so that pt% must be bounded
below, and as shown in part 2, above too. Moreover, since Agg: does not grow exponentially,
pr must grow at the same rate as Agpy:. Knowing that Ayg: grows exponentially, to avoid that
pe (1 +by) % becomes unbounded and that the North specializes in sector G at one point,
the trade tax b; must be negative. I now show that such a tariff cannot be optimal. First
note that a negative tariff increases p; relative to the free trade case, and therefore cannot
decrease pollution in the current period (if ¢ is sufficiently large that the North’s emissions are

negligible). Moreover, world consumption with a trade tax is necessarily smaller than without

at given technological levels, that is:

o—1

o—1
-0 (s L) T )

o—1

Cwippzo < <V (CANGtKJ%/Lleia + CASGtKthL}JG?) 7

Now consider the alternative allocation where there is free trade and all research in the North is
allocated to clean intermediates. Note that a higher Ang: (and lower Apnp¢) reduces p; further
(and p; is already reduced by the removal of a negative b;), so that environmental quality
is reduced (since the North does not pollute any more), Agpy increases and Agg decreases.
Now since Ang: grows exponentially while Aggy does not, the increase in Ayg: more then
compensate for the decrease in Aggy. Since Agg: is lower, p; is lower and Agp; is larger
emissions in the South are always lower in all subsequent periods. Therefore world consumption
is larger every period under the alternative path and the quality of the environment weakly
higher, as a consequence this case with a negative b; is never optimal and (58) must be satisfied
in finite time.

The economy must then move towards full specialization, so that the tariff becomes useless,
environmental quality recovers as emissions are negligible in both countries and the tax becomes

null.
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