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Abstract

We consider a symmetric model composed of two countries and a firm
in each country. Firms produce the same good by means of a pollut-
ing technology that uses fossil energy. However, these firms can adopt a
clean technology that uses a renewable energy and that has a lower unit
cost. Surprisingly, opening markets to international competition increases
the per-unit emission-tax and decreases the per-unit production subsidy.
Interestingly, the socially-optimal adoption date under a common mar-
ket better internalizes transboundary pollution than that under autarky,
and than the optimal adoption date of regulated firms. However, the op-
timal adoption date of non-regulated firms completely don’t internalize
transboundary pollution. In autarky (resp. a common market), regulated
firms adopt earlier (resp. later) than what is socially-optimal, whereas
non-regulated firms adopt later than the socially-optimal adoption date
and than the optimal adoption date of regulated firms. Therefore, in au-
tarky (resp. a common market) regulators can induce firms to adopt at
the socially-optimal adoption date by giving them postpone ( resp. speed
up) adoption subsidies. Opening markets to international trade, speeds
up the socially-optimal adoption date and delays optimal adoption dates
of regulated and non-regulated firms.

Keywords: Regulation, Adoption date, Renewable energy, Transbound-
ary pollution, Common market, .

JEL classification: D62, F18, H57, Q42, Q55.

1 Introduction

This paper tries to study the relation that may exist between the timing of
adoption of clean technologies, transboundary pollution and opening markets



to international competition. Typical examples of clean production technolo-
gies are those using renewable energy such as solar energy, whereas polluting
production technologies usually use fossil energy. Our research is related to at
least four literature fields.

The first field deals with renewable energies and clean technologies. Dosi
and Moretto (1997) studied the regulation of a firm which can switch to a clean
technology by incurring an irreversible investment cost. To bridge the gap be-
tween the private and the policy-maker’s desired timing of innovation, they
recommended that the regulator stimulate the innovation by subsidies and by
reducing the uncertainty concerning the profitability of the clean technology by
appropriate announcements. Dosi and Moretto (2010) extended the previous
study to oligopolistic firms and studied the incentives of not being the first firm
adopting the clean technology. Soest (2005) analyzed the impact of environmen-
tal taxes and quotas on the timing of adoption and found that neither policy
instrument is always preferred to the other. Nasiri and Zaccour (2009) proposed
a game-theoretic model and analyzed the process of utilizing biomass for power
generation. They considered three players: distributor, facility developer, and
participating farmer, characterized the subgame-perfect Nash equilibrium and
discussed its features. Wirl and Withagen (2000) showed that pollution-control
policy is not necessarily optimal in the sense of giving the social optimum.
Fischer, Withagen and Toman (2004) developed a model of a uniform good
that can be produced by either a polluting or a clean technology, and showed
that the optimal transition path is quite different with a clean or polluting ini-
tial environment. Ben Youssef (2010) showed that the instantaneous regulated
monopoly adopts the clean technology earlier than what is socially-optimal,
while the non-regulated monopoly adopts later than what is socially-optimal.
The regulator can induce the monopoly to adopt at the socially-optimal date
by a postpone adoption subsidy. Fujiwara (2011) developed a dynamic game
model of an asymmetric oligopoly with a renewable resource and showed that
increasing the number of efficient firms reduces welfare. Reichenbach and Re-
quate (2012) considered a model with two types of electricity producers and
showed that a first-best policy requires a tax in the fossil-fuel sector and an
output subsidy for the renewable energy sources sector.

Many empirical studies have been interested in clean technologies, among
which Whitehead and Cherry (2007), Varun et al. (2009), Li et al. (2009)
and Caspary (2009). For instance, Pillai and Banerjee (2009) reviewed the
status and potential of different renewable energies (except biomass) in India
and constructed a diffusion model as a basis for setting targets.

The second field deals with transboundary pollution. Chander and Tulkens
(1992) showed that non-cooperating behavior of countries is not Pareto-optimal.
Mansouri and Ben Youssef (2000) showed the necessity of cooperation between
countries to effectively internalize all the transboundary pollution, while reach-
ing the first best. Nevertheless, some studies showed that non-cooperating
countries can reach the first best under some conditions (Hoel (1997), Zag-
onari (1998)). Ben Youssef (2009) showed that free R&D spillovers and the



competition of firms on the common market help non-cooperating countries to
better internalize transfrontier pollution. Ben Youssef (2011) established that
the investment in absorptive R&D enables non-cooperating regulators to better
internalize transfrontier pollution.

The third field deals with international trade. Because pollution crosses the
borders, Copeland and Taylor (1995) showed that uncoordinated regulation of
pollution at the national level and free trade don’t necessarily raise welfare.
Under incomplete information, Péchoux and Pouyet (2003) showed that firms’
competition generated by the common market enables regulators to reduce the
informational rents captured by firms, thereby reinforcing the need to open
the markets to international trade. Using a static model with no investment
possibility in cleaner production technology, Cremer and Gahvari (2004) showed
that firms switch to a less polluting but more costly production technique, under
economic integration.

The fourth field deals with the timing of adoption of new technologies. The
diffusion of a new technology has been analyzed by Reinganum (1981). She
considered an industry composed of two firms which can adopt a cost reducing
technology within a period of time. She showed that even in the case of identical
firms and complete information, there is diffusion of innovation over time be-
cause one firm innovates before the other and gains more. Fudenberg and Tirole
(1985) made less strong conditions on the payoffs of firms and showed that under
certain conditions there is diffusion, whereas under other conditions firms adopt
this new technology simultaneously. Hoppe (2000) extended the work of Fu-
denberg and Tirole to include uncertainty regarding the profitability of the new
technology. She showed that there may be second-mover advantages because
of informational spillovers. Dutta et al. (1995) got a similar result in a context
where the later innovator continues to develop the technology and eventually
markets a higher-quality good. Riordan (1992) showed that price and entry
regulations, in many cases, beneficially slow down technology adoption and, in
some other cases, change the order in which firms adopt new technologies by
speeding up one firm’s adoption date and slowing down the other’s. Milliou
and Petrakis (2011) showed that when goods are sufficiently differentiated, the
adoption of a new technology occurs later than is socially-optimal.

Our paper differs from the existing literature by the fact that we try to know
how the adoption dates of clean technologies may be affected when markets are
opened to international competition, and how the regulator may change his
behavior with respect to firms he is regulating. Also, in the present paper, we
study the relation between the adoption of clean technologies and transboundary
pollution.

We consider a symmetric model composed of two countries and a monopolis-
tic firm operating in each country. Firms produce the same homogeneous good
by using a polluting technology that uses fossil energy. However, these firms can
adopt a new and clean production technology by incurring an investment cost
that decreases exponentially with the adoption date. This clean technology uses



a renewable energy and therefore has a lower unit production cost. We study
and compare the case where firms are not regulated at all, and the case where
each firm is regulated at each period of time i.e. each non-cooperating regulator
looks for static social optimality. In this latter case, a per-unit emission-tax
is used when a firm uses the polluting technology, and a per-unit production
subsidy, than can be considered as a fiscal incentive, is used when a firm uses
the clean technology. We also study and compare the case where each firm
operates in a separate home market, and the case where firms compete in the
same common market formed by the consumers of the two countries.

In autarky, since our model is symmetric, firms adopt the clean technology
simultaneously. However, in a common market, and because of the competition
between firms, we impose a condition on parameters to avoid the complicated
case where firms adopt at different dates, and we show that adoption is simul-
taneous.

When markets are opened to international competition, the per-unit emission-
tax increases when the polluting technology is used, and the per-unit production
subsidy decreases when the clean technology is used. These results are inter-
esting and even surprising because one may think that, to give a competitive
advantage to its domestic firm, each regulator reduces the per-unit emission-
tax and increases the per-unit production subsidy, when markets are opened to
international trade. Ben Youssef (2009) found similar results with a different
model where regulatory instruments are a per-unit emission-tax and a per-unit
R&D subsidy.

Interestingly, the socially-optimal adoption date under a common market
better internalizes transboundary pollution than that under autarky, and than
the optimal adoption date of regulated firms. However, the optimal adoption
date of non-regulated firms completely don’t internalize transboundary pollu-
tion. Therefore, the regulator should know how to intervene to get firms adopt
at the socially-optimal dates. This result is of great interest because this paper is
the first attempt linking the adoption of clean technologies with transboundary
pollution. Notice that, using very different models than the present, Ben Youssef
(2009) showed that R&D spillovers and the competition of firms on the common
market help non-cooperating countries to better internalize transboundary pol-
lution, and Ben Youssef (2011) showed that the investment in absorptive R&D
help non-cooperating countries to better internalize transboundary pollution.

The intervention of regulators on how to induce firms adopting the clean
technology at the socially-optimal adoption date completely changes when mar-
kets are opened to international competition. Indeed, in autarky (resp. common
market), regulated firms adopt earlier (resp. later) than what is socially-optimal,
whereas non-regulated firms adopt later than the socially-optimal adoption date
and than the optimal adoption date of regulated firms. Therefore, in autarky,
regulators can induce firms to adopt at the socially-optimal adoption date by
giving them a postpone adoption subsidy. However, in common market, regula-
tors can induce firms to adopt at the socially-optimal adoption date by giving
them a speed up adoption subsidy.

International competition reduces the instantaneous gain from using the



clean technology of non-regulated and regulated firms, with respect to autarky.
Consequently, non-regulated and regulated firms delay the adoption of the clean
technology when markets are opened to international trade. However, the in-
stantaneous social welfare gain from the adoption of the clean technology in-
creases with market opening, leading to an early socially-optimal adoption date
under a common market. These results are new and interesting because the im-
pact of opening markets to international competition on the timing of adoption
of clean technologies has not been previously studied.

This paper is organized as follows. Section 2 deals with the autarky case.
Section 3 deals with the common market case, and Section 4 compares the two
market regimes. Section 5 concludes and an Appendix contains some proofs.

2 Autarky

We consider a symmetric model consisting of two countries and two firms. Firm
1 located in country ¢ is a regional monopoly and produces good ¢ in quantity
¢; sold in the domestic market with the inverse demand function: p; = a — 2g¢;,
a > 0.Thus, the market size of each country is a/2.

The consumption of ¢; engenders a consumers’ surplus in country ¢ equal to:

qi

CSiai) = /pi(Z)dz —pila:)a = ¢
0

At the beginning of the game i.e. at date 0, firms produce goods by using
an old and polluting production technology using fossil fuels and characterized
by a positive emission/output ratio e > 0. The pollution emitted by firm 4 is
Ei = €q;.

We suppose that pollution crosses the borders and that damages in country
i are due to the domestic pollution and the foreign pollution: D; = oF; + SEj,
where a > 0 is the marginal damage of domestic pollution and § > 0 is the
marginal damage of foreign pollution.

When firm i uses the polluting technology, its unit production cost is d > 0
and its profit! is 1%, = p;(¢:)qi — dgi.

Each firm ¢ behaves for an infinite horizon of time and can adopt a clean
production technology within a period of time 7;. This clean technology does
not pollute at all, uses a renewable energy and therefore has a lower unit cost of
production ¢ verifying 0 < ¢ < d. Thus, the profit of firm 4 is II, = p;(¢;)q; —cq.

We suppose that the marginal damage of production ce is neither too small
nor too high verifying the following condition:

?<ae<d—c (1)

Tn what follows, the subscripts d and c refer to the polluting and clean technologies,
respectively. The superscripts a and em refer to the autarky and common market cases,
respectively.



The instantaneous social welfare of country ¢ is equal to the consumers’
surplus, minus damages plus the profit of the domestic firm:

S¢(aiq5) = CSi (i) — Di(gi, a5) + 1§ (:) (2)
To get the new and clean production technology, an investment cost is nec-
essary. This latter could comprise the R&D cost or the cost of acquisition and
installation of the clean technology.
The cost of adopting the clean technology by firm ¢ at date 7; actualized at
date 0 is:

V(ry) =0e” ™, (3)

with 6 > 0 is the cost of immediate adoption of the clean technology, r > 0
is the discount rate, and the parameter m denotes that the cost of adoption
decreases more rapidly when it is greater. We assume that m > 1.2

Function V is decreasing due to the existence of freely-available scientific
research enabling a firm to reduce the cost of adopting the clean technology
when it delays its adoption, and is convex because the adoption cost increases
more rapidly when a firm tries to accelerate the adoption date.

Let’s remark that 7; = 400 means that firm ¢ will never adopt the clean
technology.

2.1 Non-regulated firms

In this section, we study the case where, at each period of time, each firm is not
regulated even when it uses the polluting technology.

When both firms use the polluting technology, then each one maximizes its
profit II%}, to get the optimal level of production:?

na a—d
Gida = —— = 0 (4)
When both firms use the clean technology, then each one maximizes its profit

IT7% to get the optimal level of production:

a—cC

Gice =~ >0 (5)

It is easy to verify that ¢j.t > ¢y}, meaning that firms produce more with
the clean technology because of its lower unit production cost.

If only firm 1 adopts the clean technology and firm 2 still uses the polluting
technology, then the profits of firms are denoted by II?%(q1) and II5%(g2),
respectively. Optimal production quantities for firms are given by:

a—c a—d

q{Lcad:T>Ov qggd:T>O (6)

2This assumption is necessary for the optimal adoption dates to be positive. Moreover, it
guarantees the second-order condition when determining the optimal adoption dates (see the
Appendix).

3The superscript n refers to the non-regulation case.




We can verify that ¢ = ¢i'%, ¢4y = ¢4, and that ¢i'% > ¢3¢, Thus, the
firm using the clean technology produces more than that using the polluting
technology.

2.2 Regulated firms

In this section, we study the case where firms are regulated at each period of
time. First, we start by determining the socially-optimal production quantities
for each regulator. Then, we determine the regulatory instruments inducing the
socially-optimal production quantities in each country.

When both firms use the polluting technology, the instantaneous social wel-
fare of country ¢ is:

Siualai,q5) = CS{(qi) — Di(qi, q5) + Hiya(qi) (7)

Maximizing the expression given by (7) with respect to ¢; gives the socially-
optimal production level with the polluting technology for each regulator ¢ =
1,2:

Giaa = ——5—— (8)

We assume the first inequality of the following condition such that produc-
tion quantities are positive. Also, the second inequality is assumed to avoid
studying the complicated case of non-simultaneous adoption of the clean tech-
nology in the common market case. Moreover, the second inequality of (1)
assures that there is no contradiction in inequality (9) :

d+ae<a<2d—c 9)

Therefore, the maximum willingness to pay for the good must be higher than
the marginal cost of production plus the marginal damage of production.

Since each firm is a polluting monopoly, it is regulated. An emission-tax
per-unit of pollution t¢,, is sufficient to induce the socially-optimal levels of
production and pollution.

The instantaneous net profit of firm ¢ is:

Uita(a:) = Wiya(a:) — tiaaki(a:) (10)
The socially-optimal per-unit emission-tax that induces firm ¢ to produce
48y st
~a
toa = 20— (1)
Using the expression of ¢f,;, we can show that:

tia > 0= a <d+2ae (12)



When ae > % i.e. the marginal damage of pollution is high enough,

the above condition is always satisfied and the emission-tax is positive. When
ae < dgc and a < d+2ae, the emission-tax is positive. However, when ae < dgc
and a > d + 2ae i.e. the marginal damage of pollution is low enough, the
emission-tax is negative meaning that each regulator subsidizes production to
deal with monopoly distortion.

If both firms use the clean technology, the instantaneous social welfare of

country ¢ is:

Siee(d:) = €S (ai) + 1 (qi) (13)

Maximizing the expression given by (13) with respect to ¢; gives the socially-
optimal production level with the clean technology for regulator ::
. a—c
Using the second inequality of (1), we show that ¢, > ¢%,;. Therefore, the
clean technology enables to produce more and without polluting the environ-
ment.
We can establish that :

Giag < Qiy <= a < d+2ae (15)

When ae > 95¢ ie. the marginal damage of pollution is high enough,

2
or when ae < % and a < d + 2ae, the above condition is always satisfied

because regulators care about the environment whereas non-regulated firms do
not care about the environment. However, when ae < d;‘: and a > d+ 2ae i.e.
the marginal damage of pollution is low enough, socially-optimal production is
higher than the production of non-regulated monopolistic firms.

With the clean technology, socially-optimal production is always higher than
that of non-regulated firms (¢, > ¢'%).

Since the production process is clean, each regulator gives his firm a subsidy
s¢ . for each unit produced, which can be considered as a fiscal incentive. One
may think about production of electricity. A per-unit production subsidy can be
given by a regulator when the production process is clean (using solar energy, for
instance). This per-unit subsidy is chosen so that it induces the socially-optimal
level of production. Indeed, the instantaneous net profit of firms ¢ is:

Uzqcc(Qi) = H’(L'lcc(qi) + S(ilccqi (16)

The socially-optimal per-unit subsidy that induces firm 7 to produce ¢g. . is:

s¢.=c—a+4¢.,.>0 (17)

If we consider the case in which one of the two firms, for instance firm

1, has adopted the clean technology, whereas the other still produces using

the polluting technology, then the profits of firms are II{,,(¢1) and IIS,,;(g2),
respectively. The instantaneous social welfare of regulator 1 and 2 are:



STea(qr, @2) = SCT(q1) + i 4(q1) — D1(gz), (18)

S5ea(q1;42) = SC3(q2) + M3eq(g2) — D2(g2) (19)

Regulator ¢ maximizes his social welfare function with respect to ¢; to get
the socially-optimal production quantities:
a—c a—d— ae

Ga = 5 > 0, ey = 5 >0 (20)

We can easily verify that ¢{,; > §5.; meaning that it is socially preferred
that the firm using the clean technology produces more than that using the
polluting technology.

Since ¢ = ¢ < ¢5.4 = 4., regulator 1 can induce firm 1 to produce the
socially-optimal production quantities by an appropriate subsidy s{.; = s{.-

Since g5 = 54 > 45,4 = (544> & Der-unit emission-tax ¢4, = 5, is needed
to induce firm 2 to produce the socially-optimal quantity.

In the Appendix, we show that:*

0 < IIYey — IIYgy < Steq — STaq < Uleq — Ulaq (21)

Thus, we can establish the following Proposition:

Proposition 1 Under autarky, the instantaneous gain from using the clean
technology is greater for the first adopter regqulated firm than for its requlator.
This latter instantaneously benefits more from using the clean technology than
its first adopter non-regulated firm.

Indeed, when a regulated firm adopts the clean technology, it no longer
pays a pollution tax, receives production subsidies and its unit production costs
decreases. This increases its instantaneous net profit significantly. The instan-
taneous social welfare level increases due to the absence of local environmental
damages and the lower production cost. However, this last increase is less im-
portant than that of the regulated firm. The only benefit of a non-regulated
firm from adopting the clean technology is the reduction of its unit production
cost. Consequently, its instantaneous net profit increase is less important than
that of the instantaneous social welfare.

2.3 Optimal adoption dates

In this section, we will determine the optimal adoption dates. We still suppose
that, in case where firms adopt at different dates, the first adopter is firm 1 and
the second adopter is firm 2. Thus, in the following expressions, we suppose
T1 S T2.

3 na _ na na __ na el — AQ ~Q — AQ na __ na
Since ¢1% = qicer Gea = Biar Qea = dice A0 G50q = G344, then 17, = T,
Iy, = 1157, U = Ut and Ug,, = Ug,,. This implies that the intertemporal

4Notice that, to prove the second inequality of (21), we have supposed that 8 = a.



net profit of non-regulated and regulated firm ¢ can be written as depending
only on 7;.However, since S{,;, # S{,. and S5, # S5,, because of crossborder
pollution, intertemporal social welfare of regulators 1 and 2 depend on 71 and
T2.

Each regulator chooses the socially-optimal adoption date that maximizes
his intertemporal social welfare function. Each regulated and non-regulated firm
chooses the optimal adoption date that maximizes its intertemporal net profit.

The intertemporal social welfare of regulators 1 and 2, intertemporal net
profits of regulated and non-regulated firm ¢ are, respectively:

T1 T2 +oo
15¢(11,72) :/Sfdde’”dtJr/Sfcde’”dtJr / S e "tdt — 0e ™ (22)
0

T1 T2

T1 T2 +oo
155(71,72) :/Sgdde*”dtJr/SSCde*”dtJr / SS e tdt — 0”2 (23)
0

T1 T2
™ o0
U () = / Ulyge™ " dt + / Ugece™"dt — 0™ (24)
0 Ti
- +o0
U (i) = / et dt + / Iee ™" dt — fe™™"™ (25)
0 Ti

In order to get positive adoption dates, we need the following condition,
which can be always verified by choosing 6 and/or m high enough:?

0< UL, —Uly < Omr (26)

K2

In the Appendix, we determine the optimal adoption dates which show that
firms adopt simultaneously the clean technology:

1 S¢ =S¢
~a 1 led ldd 0 27
g (I —=m)r " < Omr ) > (27)
1 s —Ua
*a __ 1 icc idd 0 28
T (1—m)r . ( Omr ) - (28)
1 e — 1
na _ 1 icc idd 0 29
g (I —=m)r . ( Omr ) o (29)

Proposition 2 Because of symmetry, when markets are separated, firms adopt

the clean technology simultaneously.

5Notice that the left expression of (26) is independent of parameters 6, m and r.
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Inequality (21) and the fact that m > 1, enable us to make the following
ranking:

0< 7" <7 < " (30)

We can state the following Proposition:

Proposition 3 The optimal adoption date of requlated firms is earlier than that
socially-optimal. However, the optimal adoption date of non-regulated firms is
later than that socially-optimal.

The above proposition shows that socially-optimal instantaneous regulation
may not be dynamically optimal with respect to the adoption of clean technolo-
gies. They are due to the fact that, under autarky, the incentives to adopt are,
in order, greater for regulated firms, regulators and non-regulated firms. This is
clearly established by the inequalities in (21). This result is similar to the one
established by Ben Youssef (2010) who used a model comprising one regulator
and a monopolistic firm.

Paradoxically, if regulators desire that regulated firms delay their adoption
to the socially-optimal adoption date, they must compensate firms for the losses
they incur by this adoption delay. If the intertemporal net profits of the regu-
lated firm ¢ are IU;(7**) and IU;(7*) when the adoption dates are 7** and 7%,
respectively, then the postpone adoption subsidy (compensation) is:

§* = IU;(7*%) — IU;(#%) > 0 (31)

Proposition 4 When markets are separated, each requlator can push his requ-
lated firm to delay its adoption of the clean technology by giving it a postpone
adoption subsidy that compensates the firm for the losses it incurs when the
latter delays its optimal adoption date to the socially-optimal adoption date.

3 Common market

When markets are opened to competition, the inverse demand function of the
perfect substitute goods produced by firms becomes P = a — (g; + ¢;). The size
of the integrated market is a.

The total consumers’ surplus is equally divided between the two symmetric
countries:

qi+4q;
1 1
CS{™(qi,q5) = 3 / P(2)dz — P(qi + q5) (¢ + ¢;) | = 1 (0 +a5)°
0
The emission-tax per-unit of pollution is ¢t{™ and the per-unit production

subsidy is s{™.

11



When firm ¢ uses the polluting technology, its profit is given by II{;* =
p(4i, q;)¢ — dg;, and when it uses the clean technology, its profit is given by
5™ = p(gi, 45)0 — cgi-

The instantaneous social welfare of country ¢ is equal to the consumers’
surplus, minus damages plus the profit of the domestic firm:

S (qi,q5) = CS{™ (45, q5) — Dilqir q5) + 5™ (g3, q5) (32)

3.1 Non-regulated firms

When both firms use the polluting technology, each one maximizes its profit
I3 to get the optimal level of production:

a—d
ai =S >0 (33)

When both firms use the clean technology, each one maximizes its profit

IT2%™ to get the optimal level of production:

a—c
3

As for the autarky case, the clean technology enables non-regulated firms to
produce more because of its lower unit production cost (gl\&™ > ¢iii™")

If only firm 1 uses the clean technology, whereas firm 2 still uses the pollut-
ing technology, then the profit of each non-regulated firm is II7S* and II5ST,

respectively. The optimal productions are given by:

nem __

Qice >0 (34)

nem @+ d—2c nem @ —2d4+c
Qicd :f>07 Q2cd :#<0 (35)

ncm

The second inequality of condition (9) shows that ¢/ < 0. Thus, the case
where the two non-regulated firms adopt at different dates is unrealistic. From
now on, we will suppose that if non-regulated firms adopt the clean technology,
then this adoption is simultaneous.

3.2 Regulated firms

When both firms use the polluting technology, the instantaneous social welfare
of regulator 7 is:
Siad(qi ¢5) = CS7" (a5, ;) + Wi (ai, a5) — Di(i, q5) (36)

Maximizing the expression given by (36) with respect to ¢; gives the socially-
optimal production level with the polluting technology for regulator i:

—d—
GG = >0 (37)

12



Since firm ¢ is a duopoly producing with pollution, it is regulated. A per-
unit emission-tax is sufficient to induce the socially-optimal level of production.
Indeed, the instantaneous net profit of firm ¢ is:

Uiiad (@i, 45) = Wida(ai, 45) — tigaE (38)
The socially-optimal per-unit emission-tax that induces firm ¢ to produce
a5y is:
a—d— 3¢
= i > 0 (39)

When both firms use the clean technology, the instantaneous social welfare
of country i is:

Siee (ai>q5) = CS7™(qi> 45) + 1152 (¢4, 45) (40)
Maximizing the expression given by (40) with respect to ¢; gives the socially-
optimal production level with the clean technology for each regulator i:
a—c

Gem = 41
qlCC 2 > 0 ( )

Let’s notice that, because non-regulated firms don’t take into account en-
vironmental damages, they always produce more than what is socially-optimal
(gl > ¢si). However, with the clean technology and because of the duopolistic
distortion, non-regulated firms always produce less than what is socially-optimal

(Giee™ < diee)-
Since the production process is clean, each regulator gives his firm a per-unit
production subsidy s{7,which is chosen to induce the socially-optimal level of

production. Indeed, the instantaneous net profit of firms i is:

Uice (435 45) = e (gi: 45) + Siceds (42)

The socially-optimal per-unit production subsidy that induces firm ¢ to pro-
duce ¢§7 is:
sim =3¢ +c—a>0 (43)
Consider the case where firm 1 has adopted the clean technology, whereas
firm 2 still produces using the polluting technology. The instantaneous social
welfare of regulator 1 and 2 are, respectively:

Stea(ar, q2) = CST™(q1, ¢2) — D1(q2) + 11{75(q1, 2) (44)
Soea(q1,q2) = CS5™(q1, q2) — D2(q2) + 11575 (q1, q2) (45)

Maximizing expressions given by (44) and (45) respectively with respect to
q1 and ¢o gives:
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2a +d — 3c+ ae

~CTN — 4

qlcd 4 > 0 ( 6)
2 —3d—-3

gom = 22t ¢ e -9 (47)

4

Because of the second inequality of (9) and the first inequality of (1), ¢S5, <
0.We conclude that considering the case where one firm uses the clean technology
and the other one uses the polluting technology is unrealistic. Let’s notice that
we have assumed the first inequality and the second inequality of conditions
(1) and (9) to prevent the study of the complicated case where firms adopt the
clean technology at different dates. Indeed, even if it is possible to determine the
optimal adoption dates, comparing them is very difficult to do in the common
market case.

Proposition 5 Under common market, due to conditions assumed on parame-
ters, firms adopt the clean technology simultaneously.

In the Appendix, we show that:

0 < I — I < Ugm — Uy < S5 — Se (48)

ce ce ce

These inequalities enable us to establish the following Proposition:

Proposition 6 Under common market, the instantaneous gains from using the
clean technology are greater for requlators than for requlated firms. These latter
instantaneously benefit more from the clean technology than non-requlated firms.

The reasons explaining the benefit from the clean technology are the same
than for the autarky case. However, when regulated firms compete in a common
market, their instantaneous net profits increase, due to the adoption of the clean
technology, is less important than the increase of instantaneous social welfare
levels.

3.3 Optimal adoption dates

When both firms adopt the clean technology at the same date 7, the intertem-
poral social welfare of regulator 4, intertemporal net profit of the regulated and
non-regulated firm 4 are, respectively:

T “+o00
ISE™(1) = / cme"dt + / Seme=rtdt — fem T (49)
0 T
T +o00
Iuf™(r) = / Ugie " dt + / Ugme " dt — Qe ™" (50)
0 T
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T “+oo
upem(r) = / neme " dt + / Ieme ™" dt — e~ ™" (51)
0 T

In the Appendix, we determine the socially-optimal adoption date for reg-
ulators, the optimal adoption date for regulated firms and non-regulated firms,
which are respectively:

, 1 sem — 5em
Aemo 1 icc idd 2
4 (1—m)rn( Omr >>O (52)

1 vs —Ue

kem 1 icc idd

T (1—m)r " < fmr > >0 (53)
1 [Inem _ [Inem

nem _ 1 icc idd 4
4 (1—m)rn< Omr )>O (54)

Inequality (48) and the assumption m > 1, enable us to make the following
ranking:

0 < 7 < prem L phem (55)

Thus, we can state the following Proposition:

Proposition 7 When markets are opened to competition, the socially-optimal
adoption date is earlier than the optimal adoption date for requlated firms. This
latter is earlier than the optimal adoption date for non-requlated firms.

The above proposition shows that, even in a common market, socially-
optimal instantaneous regulation may not be dynamically optimal with respect
to the adoption of clean technologies. They are due to the fact that, under
a common market, the incentives to adopt the clean technology are, in order,
greater for regulators, regulated firms and non-regulated firms. This is clearly
demonstrated by the inequalities in (48).

If regulators desire that regulated firms accelerate their adoption to the
socially-optimal adoption date, they must compensate firms for the losses they
incur by an early adoption. If the intertemporal net profits of the regulated
firm 4 are TU;(7*“™) and IU;(7") when the adoption dates are 7™ and 7™,
respectively, then the early adoption subsidy (compensation) is:

g = TU (™) — IU;(7°™) > 0 (56)

Proposition 8 In a common market, each regulator can push his requlated firm
to accelerate its adoption of the clean technology by giving it an early adoption
subsidy that compensates the firm for the losses it incurs when this latter accel-
erates its optimal adoption date to the socially-optimal adoption date.
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4 Autarky versus common market

Looking to expressions (27) and ( 52), we can show that:

po 1 (5T et diad)
- (1-m)r Omr ’
sem _ 1y, (S5 i) Fhedin
T = n
(1—m)r Omr

The above expressions show that, under a common market, the socially-
optimal adoption date internalizes transboundary pollution. However, under
autarky, the socially-optimal adoption date does not internalize transbound-
ary pollution. Moreover, under both market regimes, optimal adoption dates
of regulated and non-regulated firms completely don’t internalize transbound-
ary pollution. This is due to the fact that our damage function is linear with
respect to the total pollution. Indeed, production for non-regulated firms,
socially-optimal production and net profit of firms completely don’t internal-
ize transboundary pollution.® This result is of great interest because this paper
is the first attempt linking adoption of clean technologies with transbound-
ary pollution. Notice that, using a very different model, Ben Youssef (2009)
showed that R&D spillovers and the competition of firms on the common mar-
ket help non-cooperating countries to better internalize transboundary pollu-
tion. Ben Youssef (2011) showed that the investment in absorptive R&D help
non-cooperating countries to better internalize transboundary pollution. We
can state the following Proposition:

Proposition 9 The socially-optimal adoption date under a common market
better internalizes transboundary pollution than that under autarky, and than the
optimal adoption date of requlated firms. However, under both market regimes,
the optimal adoption date of mon-regulated firms completely don’t internalize
transboundary pollution.

Let us notice that if there were no transfrontier pollution between countries,
i.e. B = 0,then from expressions (69) and (71), we deduce that the optimal
adoption date for regulated firms and the socially-optimal adoption date co-
incide under common market (7% = 7). Indeed, since the instantaneous
social welfare gain from using the clean technology internalizes transboundary
pollution causing a speedup in technology adoption, the absence of transbound-
ary pollution delays the socially-optimal adoption date to the optimal adoption
date for regulated firms. Nonetheless, under autarky, the optimal adoption date
of regulated firms still remains earlier than that socially-optimal because this

latter does not internalize transboundary pollution.

61f damage functions were not linear with respect to total pollution nor separable with
respect to the pollution remaining at home and the one received from other countries, then
transboundary pollution would be partially internalized by socially-optimal production quan-
tities.
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The comparison of optimal production quantities shows that the competition
on the common market pushes non-regulated firms to increase their production
(e > g, g™ > ¢¢).However, socially-optimal productions are the same
under the two market regimes (¢S5, = ¢%,4, 45n = ¢7..).Consequently, when the
polluting technology is used, the per-unit emission-tax is greater under common
market (¢57 > t%,,). When the clean technology is used, the per-unit produc-
tion subsidy is greater under autarky (s, > s§7). These results are interesting
and even surprising because one may think that, to give a competitive advan-
tage to its domestic firm, each regulator reduces the per-unit emission tax and
increases the per-unit production subsidy, when markets are opened to interna-
tional competition. Ben Youssef (2009) found a similar result with a different
model where regulatory instruments are a per-unit emission-tax and a per-unit

R&D subsidy.

Proposition 10 Opening markets to international competition increases the
per-unit emission-tax when the polluting technology is used, and decreases the
per-unit production subsidy when the clean technology is used.

In the Appendix, we show that, under a common market, the instantaneous
social welfare gain from using the clean technology is greater than the instan-
taneous social welfare gain from using the clean technology of the first adopter
under autarky. Thus, opening markets to international trade speeds up the
socially-optimal adoption date (7™ < 7%). Let us notice that if there were no
transfrontier pollution between countries, i.e. § = 0,then from expressions (57)
and (69), we deduce that the socially-optimal optimal adoption dates are the
same under both market regimes (7" = 7%).

We also deduce that the competition of regulated firms on a common market
reduces their instantaneous gain from using the clean technology with respect
to the case where markets are separated. Thus, opening markets to interna-
tional competition delays the adoption of the clean technology by regulated
firms (7% < 7M.

Finally, we show that the competition of non-regulated firms on a com-
mon market reduces their instantaneous gain from using the clean technology
with respect to the case where markets are separated. Therefore, international
competition delays the adoption of the clean technology by non-regulated firms
(Tna < TTLC’HL)'

Proposition 11 International competition reduces the instantaneous gain from
using the clean technology by both non-regulated and requlated firms, with respect
to autarky. Consequently, non-requlated and requlated firms delay the adoption
of the clean technology when markets are opened to international trade. How-
ever, the instantaneous social welfare gain from using the clean technology in-
creases with market opening, leading to an acceleration of the socially-optimal
adoption date.

The above results are new and interesting because the impact of opening
markets to international trade on the timing of adoption of clean technologies
has not been previously studied.
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5 Conclusion

In this paper, we consider two countries and a monopolistic firm operating in
each country. Firms produce the same homogeneous good by using a polluting
technology that uses fossil energy. These firms can adopt a new and clean
production technology by incurring an investment cost that decreases with the
adoption date. This clean technology uses a renewable energy and therefore has
a lower per- unit production cost. We consider and compare the case where
firms are not regulated at all, and the case where each firm is regulated at
each period of time i.e. each regulator looks for static social optimality. When
firms are instantaneously regulated, a per-unit emission-tax is used when a firm
uses the polluting technology, and a per-unit production subsidy, that can be
considered as a fiscal incentive, is used when a firm uses the clean production
technology. We also study and compare the case where each firm operates in
a separate domestic market, and the case where firms compete in the same
common market formed by the consumers of the two countries.

Our results show that, contrary to what one may expect, international com-
petition increases the per-unit emission-tax when the polluting technology is
used, and decreases the per-unit production subsidy when the clean technology
is used.

In autarky, because our model is symmetric, both firms adopt the clean tech-
nology simultaneously. However, in a common market, because of the compe-
tition between firms, non-simultaneous adoption may occur. We impose condi-
tions on parameters to avoid the complicated case where firms adopt at different
dates, and we show that adoption is simultaneous. Indeed, even if it is possi-
ble to determine the optimal adoption dates, comparing them in the common
market case is very difficult to do if adoption is not simultaneous.

Interestingly, the socially-optimal adoption date under a common market
better internalizes transboundary pollution than that under autarky, and than
the optimal adoption date of regulated firms. However, the optimal adoption
date of non-regulated firms completely don’t internalize transboundary pollu-
tion. Therefore, regulators should know how to intervene to get firms adopting
at the socially-optimal dates.

Under autarky, the instantaneous gain from using the clean technology is
greater for regulated firms than for regulators. These latter instantaneously
benefit more from using the clean technology than non-regulated firms. Con-
sequently, regulated firms adopt earlier than what is socially-optimal, whereas
non-regulated firms adopt later than the socially-optimal adoption date. There-
fore, in autarky, regulators can induce firms to adopt at the socially-optimal
adoption date by giving them postpone adoption subsidies. Interestingly, the
behavior of regulators completely changes when markets are opened to interna-
tional competition.

Indeed, under a common market, the instantaneous gain from using the clean
technology is greater for regulators than for regulated firms. These latter in-
stantaneously benefit more from using the clean technology than non-regulated
firms. Consequently, the socially-optimal adoption date is earlier than the op-
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timal adoption date for regulated firms. This latter is earlier than the optimal
adoption date for non-regulated firms. Therefore, in a common market, regula-
tors can induce regulated firms to adopt at the socially-optimal adoption date
by giving them speed up adoption subsidies.

Finally, international competition reduces the instantaneous benefits from
using the clean technology of both non-regulated and regulated firms, with
respect to autarky. Consequently, non-regulated and regulated firms delay the
adoption of the clean technology when markets are opened to international
trade. However, the instantaneous social welfare benefit from the adoption
of the clean technology is greater under common market, implying an early
socially-optimal adoption date with respect to autarky.

6 Appendix

6.1 Autarky

6.1.1 Instantaneous gains from using the clean technology

i) Social optimum

“Using expressions (7) and (18): 8t~ 551 = [0~ (@foa + @aa) — ) (Foa — Gaa)+
(d—¢)4f4q — ediyq

By using expressions of ¢{,, and 4{.,, we get:

d—c+ae,, a
o0 (o + daa) > 0 657)
*Using expressions (13) and (19): 59,.—S55., = [a — (5.q + G5cc) — €] (G5ee — G5.0)+
(d - c)dgcd + Oée(jgccl
By using expressions of ¢35, and ¢5,,;, we get:

a a
Slcd - Sldd -

d—c+ae ,, a
E R (@ + ) > 0 (59)

Given that ¢i., = ¢f.; and ¢}, = G5.4, We have:

a a
S2cc - S2cd -

Sfcd - Sllldd = Sgcc - Sgcd (59)

ii) Non-regulated firms
*Since ¢l = ¢7'%, then:

tea — Wigg = Wice — IG5 = [a — 2(qite + qiga)] (dice — diga) + ddigg — cdice
By replacing ¢, and g+ between the above brackets by their values, we
get:

d—c

na na __ yyna na __
chd — ldd — e — idd — 2

cc

(Giee + digg) > 0 (60)

iii) Regulated firms
*Since g% = ¢4, then by using expressions (10) and (16):
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a a _J7a a
Ulcd - Uldd =Ujee — Uidd -

icc

[a’ -2 (qucc + quqdd)] ((jgcc - (jgdd) + (s(ilcc - C) (jgcc + dd?dd + t?ddqugdd

By changing the emission tax t{,; and the production subsidy sf.. by their
expressions in function of g%, and §j..., we obtain:

Utg—Utag = Ufte= Uty = 2((G50)? = (G830)%] = (d—c+ae) (@i +diaa) > 0 (61)
6.1.2 Comparison of instantaneous gains
*Using expressions (61) and (57), we have:
Uf(:d - Uildd - (S(llcd - Sildd) = [2 (q?cd - q?dd) - %} ((j%cc + q%dd)

By using expressions of ¢{,; and ¢{,, in the above bracketed expression, we
show that:

Utea — Utaa — (STea — STaa) > 0 (62)
*Using expressions (57) and (60), we obtain:

, d— - ~a d— , ,
Sfeq = Styq — (Mg — 1175, = G2 (6 + 41aa) — ¢ (a1 + q1d)
75 [0 ee + @140 — diee — €134 + % (@ce + @Taa)

C
2
By replacing the expression of ¢¢,., 47 44: 4T, and ¢i'j; by their values in the
above brackets, we obtain:

a a na na d—c|2a—c—d—2ae ae .. a
Stea — STaq — (Wiey — IYgy) = 5 1 + 5 (@Vea + 4Taa)

Using the first inequality of condition (9), we can prove that 2a—c—d—2ae >
0, then:

Stea — Staa — (Mg — H7ge) >0 (63)
Thus, we have the following ranking:
0 <Hyéy — Mgy < Stea — Staa < Utlea — Ulaa (64)

The instantaneous gain from using the clean technology is higher for the
first adopter regulated firm than for its regulator, which benefits more than its
non-regulated firm.
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6.1.3 Optimal adoption dates

We suppose that 71 < 74, meaning that, in case of non-simultaneous adoption,
firm 1 is the first adopter and firm 2 is the second.

i) Non-regulated firms:

Firm ¢ maximizes its intertemporal net profit TU*(7;) given by (25) with
respect to 7;:

DIV (1y)

o =I5y — 1) e + Omre™ ™" =0 (65)

ce

Equation (65) is equivalent to:

na na —m)rT; na na 1 H;ncac — [1nra
idaq — I + Omrel=mITTi — () = TR =7 = T In ( o zdd)

Because of m > 1, condition (26) and inequality (64), 7% > 0.
02 na na na na
We have: % = (e — ) e "™ — O(mr)2e=mrTi"

Using the first order condition given by (65), we get:

G21Up ()
or?

(2

= (1 —m)mbrie ™" <0

Thus, the second-order condition of optimality is verified.

ii) Regulated firms:

Firm ¢ maximizes its intertemporal net profit IU?(7;) given by (24) with
respect to 7;:

oIuX(r; , .

VAT (U~ ) =+ mre=rme = 0 (66)
Equation (66) is equivalent to:
a a —m)rT; *q *a 1 Uiee — Ua
G — UL+ 0mrel ™™ = 0 = 779 = 770 = A= mr In ( wc@mr ”id)

Because of m > 1 and condition (26), 7*¢ > 0.
2 a .
We have: CLVHE) — (U, — Ugyy) e — Omr)2e

Using the first-order condition given by (66), we get:
PIUP (i)
or?

The second-order condition of optimality is verified.

= (1 —m)mrie ™" <0

iii) Social optimum
Each regulator maximizes his intertemporal social welfare function 1.5§ (71, 72)
and 154(71,72), given by (22) and (23), with respect to 71 and 79, respectively:
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6[5%(7’1,7’2)

or1 = (874a(@1aa) — STea(@ica)) € + Omre™™" ™ =0 (67)

8IS§(T1,72)

B = (Sgcd(qucd) - Sgcc(qgcc)) e " + Omre” """ =0 (68)
T2

Equations (67) and (68) are respectively equivalent to:

a ~AQ a AQ 9 — T O ~Q 1 ] Sacd(q/\acd) Sadd(q/\add)
Sldd(qldd) Slcd(qlcd) m E( m) = 1 (1 L) ( 0””

a AQ a ~a 1—m)rr ~a S2CC(QA26() S (qA C )
52511((]2cd) SQcC(qQCC) "— am're( ) 2 = 0 <~ T2 - ( ) I ( 2cd\12cd

Because of m > 1, condition (26), inequalities (64), equalities (59) and (61),
we get 77 > 0 and 75 > 0.
We have:

3215'?(7'1,7'2)

o13 7 (87,4(05.q) — St4a(@gq)) ™™ — O(mr)?e ™
27¢a
%Tgl"r?) =r (Sélcc((jlzlcc) — Sgcd(qgcd)) e TT1 g(mr)2efmr’rg

Using first-order conditions given by (67) and (68), we get:

8215{11(%(11,7'2)

82_[3%(7'1, ’f’g)
or?

= (1—m)mlrie ™7 <0 ; 2

= (1—m)mlrie ™72 <0

Thus, the second-order condition of optimality is verified for each regulator.

~a

Because of equality (59), we have: 77 = 7§ = 7.

6.1.4 Comparison of adoption dates

Inequality (64), the fact that II72, —II75, = 12 —117¢,, U, — UM, = UL . — Uy,

ce

and m > 1, enable us to make the following ranking:

0< 7" < 7% <7
Under autarky, regulated firms adopt earlier than what is socially-desired,
while non-regulated firms adopt later.
6.2 Common market
6.2.1 Instantaneous gains from using the clean technology

i) Social optimum
*Using expressions (36) and (40):
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Sice = Sida = la— (@ee + diga) — ¢ (@iee — diga) + (d = )digq + (a + Bediy
By using expressions of ¢5y; and §5n

7", the above bracketed expression is equal
d=ctae Therefore, we have:

to

d—c+oae R .

Sice = Sida = ——5— (Gice + Gida) + Bedigq > 0 (69)
ii) Non-regulated firms
MG — 5gg = la — 2(qe™ + qigq ")) (dice™ — Giga ) + ddigq” — cdiee”
By replacing ¢;;" and gj.2" between the above brackets by their values, we

get:
nem nem d—c nem nem
" — gy = 3 (giec” + qigd") >0 (70)

iii) Regulated firms
*Using expressions (38) and (42):

Uiee =Ugag = la = 2(Gice + Gaa)] (diee — Gizq) + (sice — ©) Gice + ddigq +tigaediqy
By changing the emission tax t{}; and the production subsidy s/ by their
expressions in function of ¢} and §;’7, we obtain:
d—c+ ae R
Uice = Uidd = ——5— (dice + Gida) > 0 (71)

6.2.2 Comparison of instantaneous gains

Using expressions (69), (70) and (71), we obtain:
S — e — (UL — Ugi) = Beqgyy > 0 )
Uity — Ulgy — (Liem =) =" e + aem) — 5% (@ + aap) +

ae ACT ACTN.
5 (A5ee + d5gg)
Using expressions of ¢irr, ¢S, g ,and gl , we get:

Ugze = Uiy — (" = TR) = 552 (100 — 5d — 5e — 9ae) + 5 (4527 + 4573)

ce ce

Because of the first inequality of condition (9), we have 10a —5d —5¢—9ae >
0, and:
Uiee = Ujgq — ("™ = 1igg") > 0
Thus, we have the following ranking:
0 <Ilee™ = Wgq" < Ujee = Ujga < Siee — Sida (72)

Under common market, the instantaneous gain from using the clean technol-
ogy is more important for regulators than regulated firms, which benefit more
than non-regulated firms.
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6.2.3 Optimal adoption dates

i) Non-regulated firms
FEach non-regulated firm ¢ maximizes its intertemporal net profit given by
(51) with respect to 7:

oIu™(r)
or
Equation (73) is equivalent to:

= (I —II™)e™ ™ 4+ Omre™™ ™ =0 (73)

ce

1 [Inem _ [Inem
nem _ qqnem 4 g (I-m)rt _ 0 nem _ 1 icc idd
idd ice T bmre g (I —m)r . Omr

Because of m > 1, inequalities (79), (64) and (26), 7™ > 0.

BQIU@CWL _ _
We have: ZXICT0 — p(qppem _ [irem)e=r7 — g(my)2e=mr7

e
Using the first-order condition given by (73), we get:

ne

2 nem ( -nem
g () = (1 —m)mrie ™" <0

or?
Therefore, the second-order condition of optimality is verified.
ii) Regulated firms
Each regulated firm ¢ maximizes its intertemporal net profit JUf™(7) given
by (50) with respect to 7 :

dIUS™ (1)

o = (U —UsMe™™ 4+ 0mre”™7T =0 (74)
Equation (74) is equivalent to:
1 usn —usm
cm _ prem 4 g (I—m)rt _ 0 — 7*m — 1 icc idd
idd icc +bmIE g (1 —m)r . Omr

Because of m > 1, inequalities (78) and (26), 7™ > 0.

. 82]U'f;””(7—) j— cm cm —TrT 2 —mrT
We have: ——i——= = (U = U)e™" — 0(mr)e .

Using the first-order condition given by (74), we get:

c

2[ cm (xcm vem
gIuT () = (1 —m)mlrie ™7 " <0

or?
Thus, the second-order condition of optimality is verified.
iii) Social optimum
Each regulator ¢ maximizes his intertemporal social welfare I.5{™ (1) given
by (49) with respect to 7:

AISE™ (1)

P = (S — Some™ +0mre”™"T =0 (75)

ce
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Equation (75) is equivalent to:

cm cm —m)rT & 1
o — oo + Omrel=mIT — ) = 7 = (1—m)rln(

cm cm
Sicc — idd)

Omr

Using expressions (69) and (61), we show that:

Sive =St — Ufee = Uuq) = =52 (G522 + 4534) +Bediy — (d—c+ae) (@fee+igq)

cce
3 scmo . sa Acmo . Sa .
Since ¢irr = §i.. and §5py = ¢34, then:

—(d— ~ ~ ~
Sgm — Sepn — (U, — Ugyy) = =152 (gem 4 gemy + Beqst;

ce ce
Suppose that 8 = «, and using the second inequality of (1), then:

cm cm a a _ —(d=cHcae) ~em aetc—d sem
Siee = Siagq — (Uiee = Ufyy) = 5 Gice T 575 iga <0

Therefore:

Sice = Sidd < Uice = Uiaa (76)

ce

~CM

Because of m > 1, inequalities (76) and (26), 7™ > 0.
2 cm
We have: 218 (7) 133_2 ) — r(Sgm — S )e " — H(mT)Qe_m”é
Using the first-order condition given by (75), we get % = (1-

m)m@rze*mﬁm < 0.
Thus, the second-order condition of optimality is verified.

6.3 Autarky versus common market

*From expressions (57) and (69), we show that:

Stea = STaa < Sice — Sida (77)

This implies that 7" < 7%,
*From expressions (61) and (71), we show that:

Uiee = Uiad <Ujee = Uiaa (78)

ce K3

Since m > 1,then 7% > 7*¢,
*Using expressions of ¢y, g%, ¢l and ¢.™ in (60) and (70), we obtain:

e — Ty < T — I3, (79)

1ce cc

Since m > 1, then 77¢™ > 77%,
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