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Abstract

1 Introduction

Government regulations provide powerfull incentives for firms to inie&nvi-
ronmental research and development. While a significant part of envaotal
innovations are autonomous, most of them can be appropriately deseskiad
duced. It is well-known that firms have little incentives to invest in environmen-
tal R&D in the absence of environmental regulations. However, envirotahen
policy interventions (e.g., effluent charges) render emissions more Expeand
changes in relative prices incite firms to reduce emission intensity by substituting
non-polluting inputs for polluting inputs and clean production processefirtier

“Premilinary version

1Recent empirical evidences tend to support the view that environnaitey instruments in-
duce innovation. The reader is referred to Landjouw and Mody (19@@ and Palmer (1997) and
Brunnermeier and Cohen (2003). See also the excellent surveyfbyNeawell and Stravins (2002).
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processes. Since innovation affects directly substitution possibilities, firmdgde
respond to stricter environmental policies by an increase in R&D investments.

However, even if it acts as a spur to innovatipanvironmental policy alone
will usually fail to direct enough resources to environmental R&D. Theoads
twofold. First, firms may respond to government regulations by a reductioutin
put (and not an increase in R&D efforts). Second, economic incergteasming
from environmental policies may not prove sufficient to fill the gap betwmn
ceived private and social returns to R&D — a potential source of maakatd on
the innovation market.

In order to encourage innovation, governments have several polibyvags
at their disposal. A first avenue is to reduce the cost of undertakingoenvental
innovation. For example, the government may grant R&D subsidies to the firms.
A second avenue is to ensure that the innovator will be fully rewardedhdor
R&D efforts. This can be achieved through a strengthening of patent tlaats
garantees to the innovator monopoly righs on her innovation. The lasi@veio
relax antitrust policies in order to allow firms to engage in collaborative R&D and
benefit from the internalisation of knowledge spillovers, economies qfesand
economies of scale. In actual practive, governments tend to use thiesespio
combination.

In recent years, the relaxation of antitrust policies in the US, Japan and E
rope has had a dramatic impact upon the innovation market. This policy has re-
sulted in a major increase in the number of strategic research partnersbipgtth
which firms undertake R&D. Empirical works (e.g., Hagedoorn (1996) axjeH
doorn et al. (2000)) have highlighted that this development has beemaeanied
by a significant change in the nature of partnerships. While traditionallyayno
tion has been pursued through equity-based research joint ventoresnost of
partnerships take the form of non-equity based joint R&D and technologyrs
agreements.

The starting point of this paper is the recognition that little is known about
the impact of environmental regulations on the structure of environmental R&D
collaboration networks. To the best of our knowledge, it is the first attempt

2That expression is borrowed from Hicks (1932) who pioneered the tiat changes in relative
factor prices provide firms with incentives to innovate.



characterize how environmental regulations affect firms’ incentivegtolslat-
eral environmental R&D agreements. In the last two decades, new @ppa
have been developed to analyse the endogeneous formation and stalpkirt-of
nerships networks These approaches differ with respect to their assumptions,
research questions and methodologies. A first body of litterature studiésrtha-
tion of multilateral agreements throughon-cooperative games of link formation
Qin (1996), Dutteet al. (1998) and Bala and Goyal (2000) analyse stable multi-
lateral agreements as the outcome of a non-cooperative games of linkirma
in which all players announce simultaneously the set of links they want io. for
A more recent strand of litterature studies the formatiobitteral agreements.
Goyal and Joshi (2003) study the formation of bilateral cost-redudiiagees un-
der price and quantity competition. They identify stable network structuiag us
the concept of Pairwise Stability, initially introduced by Jackson and Wolinsky
(1996). Their analysis shows that the structure of stable networks\dema the
nature of the market competition. Undeoderatecompetition (e.g., Cournot or
differentiated product markets), a firm always has an incentive to fohitateral
alliance. As a result, the unique stable network is the complete graph. Byasontr
underagressivecompetition (Bertrand oligopoly) the unique stable network is the
empty network.

Our paper is closely related to that second strand of litterature. A firgtrdiff
ence with respect to Goyal and Joshi (2003) concerns the kind of Rfilzitaes
we consider. They study bilateral agreements through which two firms simulta-
neously reduce their marginal production cost whereas we assumetatdirm
bilateral environmental R&D agreements to reduce their emissions and, thereby
their effectie marginal cost. A second difference is that we consider an industry
located in two different economic regions that impose different tax ratgsobn
luting emissions. Therefore, firms belonging to different juridictions difigheir
effectivemarginal production cost. By contrast, Goyal and Joshi (2003) censid
ex-anteidentical firms.

We show that when firms compete a la Cournot and the tax differential is small
enough the unique stable network structure is the complete graph. Thisisesu

3See Bloch (2002) for a selective survey of the litterature on coalition ahsank formation in
industrial organization.



consistent with Goyal and Joshi (2003). However, when the tax diftel is large

enough the only stable graph is a segmentation of the graph in two disjoint parts

Inside a given region, all pair of firms sign bilateral R&D agreements vasgpairs

of firms located in different regions do not form collaboration links. In otherds,

a large tax differential prohibits the formation of interregional R&D agredsien
The rest of the paper is organized as follows. Section 1 describes thel mod

while sections 2 and 3, analyse environmental R&D networks in which firms sign

bilateral agreements to reduce their rate of emission by unit of output. tio8&¢

we suppose that the rate of emission is linearly decreasing in the numberf link

formed by each firm. In Section 3, we relax the linearity assumption and allow fo

a quadratic reduction in the rate of emission. The last section contains domgclu

comments.

2 The Model

Consider a two-regionA and B) economy with each region administered by a
different government. These regions export a polluting homogeneadsogan a
world market. It is assumed that regiohandB are the sole suppliers for this good
and the oligopolistic industry produces only for export. The industry comgnis
identical firms, of whicima are located in regioA andng in regionB. We denote
by Na (Ng) the set of firms that are based in zohé€B) and byN = Na + Ng the
whole industry. Entry on the market is assumed to be effectively blocketlg; L
denotes firm’s output andQ = S ; g the aggregate industry-output. Assumming
transportation costs negligible, the inverse demand function is

P(Q) =a—-BQ. 1)

All firms have constant marginal production cos@nd face a pollution tax > 0
on every unit of pollution they emit.

Production generates polluting emissions which we assume to be proportional
to output. In both regions, the initial rate of emissions by unit of output israedu
to be equal tayp. It is assumed that individual producers have no technology avail-
able for abating pollution. However, firms can make a more effective utigeof



technology and reduce their emissions through collaborative R&D andnatorn
exchange. We assume that each pair of fifimg € N can form a bilateral collabo-
ration link in order to reduce its ratio of emissions per unit of output. The streictu
of collaborations between firms is represented by a non-directed gr&ainmally,

g is thus a paiN,L) whereN is the set of firms andl is the set of linked pairs
in N. We denote byG the set of all non-directed graphs defineddrAlso, let us
denote byni(g) the number of links that firmhas formed in some gragh Firm

i's unitary rate of emission is assumed to be decreasimg(m). Therefore, firm
i's rate of emissions per unity of output is given&yg) = €(ni(g)) and satisfies

&(0) = sp andgi(ni(9)) > €i(ni(g)+1) >0, VieN,vgeG. 2

We assume that governments in both regions levy differentiated emission taxes
Ti (i € {A,B}) in order to mitigate polluting emissions. The discrepancy between
Ta andtg may result from different environmental awareness or possibly sicateg
distortions. In presence of taxation, fiite profit level is given by

T (0,9-i) = (0 —BQ) g — c(9)q; (3)

wherecf(g) = (c+Ti€i(Q)) is theeffectivemarginal cost of firmi. Therefore, any
networkg defines a cost configuratioftf(g) };y. Finally, we assume that firms
have complete information about market structure and competitors’ teclhynolog
They face no capacity constraints and have already incurred somecgsinthat
prevents entry of new firms.

Let us introduce additional notations. We shall wrifg = 1 if some pair
(i,j) € Nis linked ing and g;,; = O if it is not linked ing. The graphg +
gij (respectively,g— gij) is the graphg augmented by (respectively, less) the
link between(i, j). Therefore, the graphg® = {0i,j = 1,Vi,j € Naandg;; =0,
otherwisg, g® = {gi; = 1,Vi,j € Ng andg; j = O, otherwisg andg® = {g | =
1,Vi, j € Ng andg; ; = 0, otherwisg are respectively the complete graph defined
on Na, Ng andN. Finally, we denote by /" the operation of set substraction. For
exampleN/{i} ={1,2,...,i—1i+1,...n}.

In the following analysis a network will be said to be stable if it satisfies
Pairwise-Stability as defined by Goyal and Joshi (2003).



Definition 1 (Pairwise Stability) A network g is stable if the following conditions
are satisfied:

1. Forg j=1,15(9) > m(g—g;j) and1y(9) > (g —0ij);
2. Forg,; =0,if (g+gij) > 15(9), thent;(g+ i) < 1(9).

In other words, a network structuggis said to be stable if any pair of linked
firms (i, j) has an incentive to maintain its link and any pair of unliked fi(im$)
has no stict incentive to severe a collaboration link.

3 Linear-Homogeneous Product Oligopoly

In this section, we study networks of collaboration in the context of a mavitat
homogeneous products and quantity competition. We start by assuming that fir
i's emission rate in netword satisfies

&i(Ni(¢°) =%, &(9) =&Mi(9) = —:Mi(9), 4)

and thus is a linearly decreasing function of the number of collaboration links

3.1 Cournot Competition

Given a networkg, firms choose quantities to maximize their oligopoly profits.
Standard derivations show that equilibrium quantities are equal to

[(a—c)+nT(g) - (n+1)ti&i(g)], VieN, (5)

4O= i

— n
whereT (g) = § Ti€i(Q) is the average tax bill and equilibrium profits are given by
i=1

m (aM.g) = [aM(g))°. (6)

We note that equilibrium profits of firmare an increasing and convex function of
its equilibrium quantities. Furthermore, the distribution of equilibrium profits is
governed by the deviation of individual marginal emission costs from thesing
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average,(nT(g) — (n+ 1)Ti€i(g)). Plugging @) in equilibrium output levelsg)
yields:

A (9) = g [(@ —0) +50(T = (n+1)1) +ns(uini(9) — T(g/{i})], (7

whereT = 57 ;1 andT (g/{i}) = 33 41N (9)-
These derivations allow us to state the following two lemmas.

Lemma 2 (Negative externality) Suppose that both governments tax polluting emis-
sions(ta > 0, 1 > 0) then for all i, j,k € N and any network g G, we have

AT (gjx,9) < 0andAT" (g,0jk) <O.

Proof. Consider a network. This network defines a configuration of effective marginal
costs{ci(g)};cy Which in turn leads to equilibrium profit levelsgl(g) }, . Consider
some firmi and any pair of firmgj,k) € N/{i} such thatg; x = 0. Suppose thatj,k)
decides to form a collaboration link. As a result, fiiim equilibrium output level will
increase by a quantity

Ag (9jk.9) = A (9+9jx) — ' (9), (8)
= *ﬁ (Tj+1) <O. 9)

Since firmi’s equilibrium profitr'(gN(g) ) is monotonically increasing i (g) andgM (g-+
gjk) < dV(g), firm i’s equilibrium profit is reduced as a result of the new link. rFu
thermore, note thafn;(g) —n;(9+9jk)) = — (nj(9) —N;j(g—gjx)) = —1. Therefore,
we haveAq) (g,gjx) > 0 andAm (g,gjx) > 0. In other words, when a pair of firms
(i,k) € N/{i} broke its collaboration link firni's profit increase.m

Lemma 3 (Interregional links) Suppose that region A imposes a higher tax on
polluting emissions than region B; thatig > 1g > 0. Then for all pair(i, j) such
thatic Naand je Ng and any graph g G we haver\ (gi j,g) = 0ifn = (18/1a)
andAT (9,gij) S 0if n = (18/1a).

Proof. Consider a graply an some paifi, j) € N such that andy; ; = 0. Suppose that
(i, ) forms a collaboration link. As a result, firits equilibrium output level will increase



by a quantity

AGi (9ij,9) =AM (9+0ij) — A (9) (10)
= ﬁ(mi—q). (11)

That quantity is positive, negative or zero depending ontiadre(nt; — 1)) is positive,
negative or zero. Assume thiat Na and j € Ng. Then, firmi’s profit will be increased,
decreased or unaltered depending on Whevt@r(TB/tA). By symmetry,Aqj (9,0i.j) =
—Ag;i (9i,,9) and thus firmi’s profit will be increased, decreased or unaltered depgndin
on whethen = (1g/Ta). m

Lemma 4 (Intraregional links) Consider some pair of firm§, j) located in the
same juridiction and any graphg G, we haveAr" (g j,g) > 0andATY (g,gi j) <
0.

Proof. Let us assume that = tj = 1. Then, equationi(l) becomes
AGi (91j,9) = mogy (N—1)T>0. (12)

Therefore, we havArd (gi j,g) > 0 and, by symmetnAr (g,gi j) <0. m

These lemmas provide key insights into the strategic features of the link forma-
tion game. Consider that some firfjnfiorms a bilateral link with some other firin
Lemma 1 states that such a link affects negatively any otherifimthe industry.
Indeed, when firms agree to form a collaboration link, they reduce tHeictele
marginal costs, and are thus more competitive reducing the profit of thels.rit
is important to note that this conclusion holds regardless of whether wéeons
intraregional or interregional links.

Lemma 2 shows that firms’ willingness to formterregional collaboration
links depends on the magnitude of the tax differential. Let us assume ghat
1g > 0. Consider any graph € G and any pair of firmgi, j) such thati € Ny,

j € Ngandg; j = 0. If n> (18/1a), then firmi has an incentive to form a link with
firm j. Conversely, firmj will accept to form a link withi if n > (ta/tg). Since
(ta/18) > (18/TA), the pair(i, j) will form a link if and only if n > (ta/1B).

By contrast, Lemma 3 shows that firms’ incentives to fontnaregional col-

laboration links is not affected by the magnitude of the tax differential.



3.1.1 Stable networks

We study how differentials in tax rates across regions impact upon envaatal
R&D strategic alliances. Our analysis proceeds by succesive examinatiele-o
vant magnitudes of the tax differential. Let us start with a situation in which both
regions impose equal effluent charges. The following proposition holds

Proposition 5 Suppose there is quantity competition among the firms and firms are
taxed the same in both regio(s = 1g). If emission rates satisfy? and demand
satisfies {) then the complete networkl,ds the unique stable network.

Proof. This result is a direct corollary of Theorem 3.1 in Goyal anghl (2003).m

In other words, when emissions are taxed the same in the two regions, the
only stable collaboration structure is such that every pair of firms und=rjaint
environmental R&D.

Now, suppose that governments subject their firms to different tax ites.
precisely, let us assume thet > 15 > 0. The next proposition establishes that a
relatively small tax differential does not affect the structure of stablalworation
networks.

Proposition 6 Suppose there is quantity competition among the firms and firms
belonging to different juridictions face different tax rates witkcnia /1g. The net-
work ¢ is the unique stable network.

Proof. See Appendix.m

As long as the tax differential remains relatively small, the complete network
remains the unique stable collaboration network. Furthermore, it provéaésasd
every firm with the ability to exploit all (intraregional and interregional) oppo
nities for emissions abatement. The intuition for this result is provided by Lemma
2 which shows that small tax differentials does not alter firms’ incentivesrtu f
interregional R&D collaboration links. Therefore, let us consider largaditier-
entials. The next proposition shows that a large difference in tax fatega/1g),
disrupts the complete grapf.



Proposition 7 Suppose there is quantity competition among the firms and firms
belonging to different juridictions face different tax rates withia/ts. The net-
work ¢**B is the unique stable network.

Proof. See Appendix.m

Thus, when the tax differential is relatively large, the unique stable nktisor
such that: i) all pairs of firms located in the same region have a collaboration link
and ii) no pair of firms located in different juridictions is linked. In other ward
a large difference in tax rates among two economics regions acts as a ulisiace
to interregional environmental R&D. The intuition for this result is provided by
lemmas 2 and 3. Lemma 2 shows that a large tax differential incite firms to broke
their interregional links while Lemma 3 indicates that differences in taxation do
not alter firms’ incentives to maintain or form intraregional links.

Finally, suppose that one region implements an environmental policy while the
other does not tax polluting emissions.

Proposition 8 Suppose there is quantity competition among the firms and firms
based in region A (respectively, B) are not subjected to taxation. If emisstes
satisfy @) and demand satisfied)(then the complete network® grespectively,

g"), is the unique stable network.

This result flows immediately from the previous proposition because firmes hav
no incentive to invest in innovation in the absence of taxation.

4 Quadratic cost reduction

In this section, we relax the assumption of linear emission reduction in the number
of collaboration links by allowing for a quadratic reduction in the rate of emissio
per unit of output. Formally, we assume that the emission rate is giver(dpy=
&i(ni(g)) and satisfies

T2 Va£d,  (13)

&i(ni(g°)) = & (0) = s ande; (i (9)) = so— >
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wheresy > 0 ands; > 0. Plugging 3) in (5) gives

Q0) = — 5 [(@ -0+ so(T )+ X (uni(@)? - T(e/iih)] . @4)

(n+1)

whereT =5ty andT(g/{i}) = %z#itim(g)z. Again, equilibrium profits are
given by (q,g) = [o(g)]”.

Lemma 9 (Negative externality) Suppose that both governments tax polluting emis-
sions (ta, g > 0) then for any network g G and for all i, j,k € N, we have

AT (gj k,9) < 0andATN(g,gj k) > 0.

Proof. It suffices to note that
A0 (95k,9) = — gty [T (205(9) + 1) + T (2k(9) + )] <O, (15)

foralli,j,keN. m

As in the linear case, the formation of bilateral links induces negative altern
ities on other firms in the industry. The following two lemmas indicate how our
assumption regarding emissions reduction affect firms’ incentives toifderre-
gional and intraregional bilateral links.

Lemma 10 (Interregional links) Suppose that region A imposes a higher tax on
emissions than region B; that i > tg > 0. Then for any graph g G and any
pair (i, j) € N such that ie Na, j € Ng and g j = 0, we have AT(g;j,0) ; 0if

s(1+2n; . B(1+2n;
n= TBA((1+2n:)) andAT(g,g,j) S0ifn = ri((1+2n:))'

Proof. Notice that

G (G1,9) = gty (MU (142Ni(9)) — T (1+2n;(9))] (16)

is of the same sign a®1t; (14 2ni(g)) —Tj (1+2nj(g))). Assume that € Na, j € Ng so
thattj = 14 andtj = 1. Since equilibrium profits are increasing in output, we have

. 1+2n;
A (gij,0) > 0 andad (g j,g) > 0if n > BT (17)
Aq(gij,9) < 0 andATy(gi j,) < 0if n < w (18)

11



Furthermore, observe that](g,gi ;) = —AqN(gi,j,9). Thus,AT(gij,9) S0if n=

TB(1+ZI]J')
Ta(l+2n;) *

Lemma 11 (Intraregional links) Consider any graph ¢ G and some pair of
firms(i, j) located in the same region such thaj g 0, we have AT(gi j,0) § 0

; 14-2n; . 1+2n;
ifn= ((qu:)) andA(g.gij) S 0ifn = ((1+2n:))'

Proof. Simply by replacing; = 1; in the proof of Lemma 11m

Lemmas 10 and 11 show that the non-linear relation between the emission rate
and the number of collaboration links formed alter significantially the strategic
features of the model of bilateral environmental R&D collaboration. By estr
with the linear case, when emissions decrease quadratically with the number of
links formed, firmi’s willingness to form a bilateral collaboration link with any
firm j depends on the number of bilateral agreemeatsl j have already signed.

4.1 Stable graph structures

Now, let us turn to the characterization of stable graph structures. Asehafe
proceed by succesive examination of relevant magnitudes of the taveditiid. In
the absence of tax differentiation, we have the following result:

Proposition 12 Suppose there is quantity competition among the firms and firms
are taxed the same in both regiofs = 1g). If emission rates satisfylg) and
demand satisfied) then the complete network @ a stable network.

Proof. See Appendixm

Again, the complete networ§C is pairwise stable. However, notice thgt
is no longer the unique stable network. Consider the following example. 4 et u
assume thaN = {1,2 3,4}. Consider the complete graph defined ldnFrom
proposition (10) we know thag® is pairwise stable. Now, consider the graph
0-1={0ij =1,V(i,j) € N/{1} andgi1 = 0,Vi € N/{1}}. Let us show that this is
a stable network. Notice that in the absence of tax differentiation, Lemma-11 ap
plies. By definition, we havgi(g-1) = 0 andnz(g-1) = ns(g-1) = N4(g-1) = 2.
First, we prove thag_; satisfies condition 2. Consider the pélr2) € N. Notice

12



that(1+2n1)/(1+2n2) = 1/5 < nand thusAt)(gs 2,@) > 0. In other words, firm

2 has an incentive to form a collaboration link with firm 1. However, note that
(1+2n2)/(1+2n1) = 5> nand thusAt(gs 2,9) < 0. That s, firm 1 will refuse

to form a link with firm 2. Finally, note that firm 1 is in a symmetric position with
respect to all its competitors. Therefore, it has no incentive to form awitdion
links with its competitors. Thereforg; ! satisfies condition 2.

Now, we turn to condition 1. Let us consider some pair of fifimg) € N/{1}. Observe
that (1+2n;)/(1+2n;i) = 1/5<n,¥(i,j) € N. From Lemma 11 it comes that
AgN(g,9ij) < 0andAT(g,gi j) < 0,¥(i, j) € N/{1}. For no firm has an incentive
to broke its collaboration link, condition 1 is verified. Finally, singe' satisfies
conditions 1 and 2, it is pairwise stable.

Finally, note that the same result holds for every conceivable ggaph=
{gij =1,v(i,j) € N/{1} andgi = 0,Vi € N/{1}}.

Therefore, our relaxation of the linearity assumption increases the nwhber
stable network structures. However, as the following proposition shibdmes not
affect the stability properties of the complete netwgfkuncovered in the linear
case.

Proposition 13 Suppose there is quantity competition among the firms and the tax
differential is relatively smal(n > %). If emission rates satisfyl 8) and demand
satisfies {) then the complete networK @ a stable network.

Proof. See Appendix.m

The intuition for this result is as follows. Under the network structyfrell
firms in the industry have the same number of collaboration links. Therefare, th
conditionn > Tri((iz?]f)) reduces ton > % so that firms’ incentives to form collab-
oration links depends exclusively on the magnitude of the tax differential the
linear case. Since the complete graph is symmetric, it is pairwise stable as long as
n> 2.

Now, let us consider a relatively large tax differential. The following jop
tion shows that a large tax differential disrupts the complete ggaph

Proposition 14 Suppose there is quantity competition among the firms and the tax
differential is relatively larggn < %). If emission rates satisfyl 8) and demand

13



satisfies {) then the complete networK g not a stable network.

Proof. See Appendix.m
Furthermore, the structure of stable R&D networks depends on the relative
economic size of the two regions as indicated by the following two propositions.

Proposition 15 Suppose there is quantity competition among the firms, the tax
differential is relatively largegn < %) and the economic size of the "green" region
is at least equal to that of the "dirty" regiaima > ng). If emission rates satisfy.)

and demand satisfieg)(then the network %y B is a stable network.

Proof. See Appendix.m
It is important to note here that firms located in the "green"” region cannet ha
a lower effective marginal cost than firms located in the "dirty"” region.

Proposition 16 Suppose there is quantity competition among the firms, the tax dif-
ferential is relatively largén < %) and most of the industry is located in the "dirty"
region (ng > na). Assume that emission rates satisfg)(and demand satisfieg)(
then the network ) ® is not pairwise stable |f'(2”“+rll)*m‘ <ng< '“'(2"5‘7;]1)4‘
Otherwise, it is pairwise stable.

Proof. See Appendix.m

As a matter of fact, the cost advantage of firms located in the "dirty" region
is even stronger when they represent most of the industry. Considerasicn
whereg"B is not pairwise stable. As they represent the major part of the industry
and only intraregional links will form, firms based in the "dirty" region betnadit
only from a lower tax rate on emissions per unit of output but also from laghig
reduction in their effective marginal cost. Now, let us consider a situatioerev
g**Bis not pairwise stable. It is easy to see that any stable R&D netg/avkl be
such thag; ; = 1,V(i, j) € Na or Ng and

T (1+2ni(g)) — n_ (1+2ni(9)) — 1
- . 19
2] <nj(g) < o, (19)
The last condition implies that in every stable network structure, firms located
in the "dirty" region will form more collaboration links and therefore will be mor

innovative than firms located in the "green" region.

14



5 Conclusion

The view that the impact on technological change must be a criterion fovahe e
ation of different policy instruments is widespreads in environmental en@mso.
In an early contribution, Orr (1976) has argued that emission taxesipegisr to
known alternative economic instruments because of their effect on inoov®ne
of his main argument is that

"the possibility that regional differences in charges will seriously af-
fect the competitive position of plants within an industry at different
locations is likely to make substantial differentials politically unac-
ceptable (Orr, p. 446)."

Our analysis reveals that the consequences of tax differentials onripeto
tiveness of firms is not as straightforward as Orr (1976) seems to Sudigeeed,
the relationship between emission taxes and firms innovative capacity is mediated
by interfirms collaborative R&D agreements. In order to determine whethsator
environmental tax differential are politically inacceptable it is necessarnder
stand their consequences on firms’ incentives to sign bilateral R&D agréeme
As a first step in that direction, this paper shows that firms located in a low-tax
region can be more innovative than firms located in a high-tax region piebttic
the number of firms located in the first region is greater the number of firmiekbca
in the second region and the difference in emission taxation is large.

6 Appendix

Proofs. Proofs of propositions 5,6,7,8,9 and 10 follow.

Proof of proposition 6. Stability: Notice that stability condition (2) is satisfied becaude al
firms are connected igf by definition. Thus, we only need to check whether conditin (
is satisfied. Assume that some pair of fir(ng) brokes its collaboration link. The resulting
network isg° — gi ;. Notice thatAq)' (g°,gi j) < 0 andAT (¢°,gi j) < 0,¥(i, j) € N. Thus,
no pair of firms has an incentive to broke its collaboratiok.liFor the network structuig®
satisfies stability conditions (1) and (2), it is a paiwisabé network.Unicity: Consider

4Recent contributions include Cadot and Sinclair-Desgagné (19969uGind Hu (2001) and
Katsoulacos and Xepapadeas (1996b).
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some stable networ§y’ # g°. Such a network is necessarily incomplete and contains at
least one unlinked paifi, j). Assume that some previously unlinked pair of fir(nsj)
forms a collaboration link. The resulting networlgfs+ g; j. Notice tharAqiN (Gij,9) >0,

A (giij,g/> > 0 and by symmetrAdf! (gi j,9') > 0, AT (gi j,¢') > 0. Therefore, there

is no stable graply # g andg® is the unique stable grapm

Proof of proposition 7. Stability. Consider the first stability condition. The network
structureg™ B satisfies stability condition (1) if this condition is veeifi by each of its
connected componentg(g®). Because intra-regional tax rates are equal and strictly
positive, proposition (4) applies and stable regionalsvoets are complete. Let us turn
to stability condition (2). Assume that > 1j,Vi € Na,j € Ng. We prove that no pair

of firms (i, j) such that € Na and j € Ng has an incentive to form a collaboration link.
Notice thatAg; (gi.j,g/”B) > 0. Since firmi’s equilibrium profit is increasing in its own
production it is profitable for firm to form a collaboration link with firmj. However,

Ag; (gi,j,g*"8) < 0 andAm; (gij, o) < 0. In other words, it is detrimental for firm

to accept such a link. Thus, no interregional link will forrRor the network structure
g"+B satisfies stability conditions (1) and (2), it is a paiwisab# network Unicity: Con-
sider a stable networl # g*+B. By definition,g’ satisfies either i{ﬂ(i, J)ENalg j = 0}

or ii) [(a(i, i).i € Na, j € Na) v (3. ]),i € Na, j €Na) g, = 1]. To begin with, consider
proposition i). It states that some pair of firrfisj) € Na is not lined undery’. How-
ever, we can check thaiq (gi”j,g’) > 0, A (gi’,j,g’) > 0 andAq]! (gi”j,g’) > 0,

An'j\‘ (gi’ﬁj,g’) > 0. In other words, both firms have an incentive to form a caltabion
link. Thus, there is no stable graghsatisfying proposition (i) . Now, we turn to propo-
sition (ii). It states that some firme Na has formed a link with a firmj € Ng. We
prove that such an interregional link is unstable. Notica thie haveAq’j“ (g’,g{yj) >0

andAnﬂ-\‘ (g’,gi’ﬁj) > 0. That is, firmj has an incentive to destroy its link with Thus,
there is no stable grapyfl satisfying proposition (ii). In conclusiorg®*B is the unique
stable graphm

Proof of proposition 8. xAssume that; = 0,Vi € Na andtj = 1x > 0,V],k € Ng. First,
since firms have no incentive to form collaboration linksha absence of taxation, it must
be the case thay; (g') = 0,Vi € Na in any stable networl’. Second, note that firms based
in juridiction A are taxed the same. Therefore, by proposition (4), the erstpble network
isg’. m

Proof of proposition 9. Condition 2.All firms are connected imC. By definition, the
external stability condition (2) is satisfieCondition 1 Observe that under the complete
graph structurg® we haven;(g°) = n;(g°) = n—1 for every pair(i, j) € N. Furthermore,

iﬁgf =1<n,Y(i,j) €N.From @?), it comes thanq] (g, gi j) < 0andAr(g, g j) < O for
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all pair (i, j) € N. In other words, no pair of firms has an incentive to brokeodtiaboration
link. Since, the graph structug® satisfies the internal stability condition (1). Since the
complete graply® satisfies internal stability and external stability, it ipairwise stable
graph. m

Proof of proposition 12. Condition 2 All firms are connected ig® and thus condition (2)
is automatically satisfiedCondition 1.We have to prove that no connected paigiias an
incentive to broke its collaboration link. By definition gf, we haveg?; = 1, (i, j) € N.
Let us consider a given pafr, j) € N. Firmi (respectively,j) has no incentive to broke its
collaboration link with firmj (respectivelyi) if and only if AT¢Y (g, gi j) < 0 (ATE(g, 91 j) <

0); i.e., AqN(g,gij) <O (Aqﬂ-“(ggi,j) < 0). Note tham;(g°) = n;(g°) = n—1 for every
firm i € N. Furthermore, under the assumptigr> 1; > 0, we haveAqiN(gC,giJ) <0
anqu’j\‘(gc, gi,j) <O0if n> (ti/1j). Therefore, no pair of firms has an incentive to broke
its collaboration link. Since, the graph structgfesatisfies internal and external stability
conditions, it is a pairwise stable grapia.

Proof of proposition 13. The proof is straightforward. Consider a péirj) such that

i € Na andj € Ng. By definition of the complete netwod¢, we haveg;; = 1. Under the
assumptiort; > Tj > 0,n < (Ti/Tj) impliesAqiN(gﬂgi,j) >0 anqu’j"(gc, 0i.j) > 0. In other
words, when the tax differential is relatively large, firmeddnging to different juridictions
have an incentive to broke their collaboration links. THerm, the graph structurg®
violates the condition of internal stabilitys

Proof of proposition 15. Condition 2 Every pair of firms(i, j) € Na and (i, j) € Ng is
connected iy B. In order to prove that the gragi*B is internally stable it is sufficient
to show that no firmj € Ng will accept to form a collaboration link with a firme Np

if T > 1; > 0. Assume that the tax differential is relatively largex % First, let us
assume thata = ng. Then,n;i(g*"8) = n;(g™*®), V(i, j) € g**B. Recall that firmj has
an incentive to form a link with firm if Amj(gij,g) > 0. Note thatArm;(gi j,g) > O if
Agj(gij,9) > 0 orn > (ti(1+2ni))/ (tj (1+2n;)). Pluggingn;(g**®) = n;(g**®) in
the last condition giveAq;(gi j,9) > 0 if n > (1;/1;) which contradicts our assumption
n < (1i/1j). Therefore, if the tax differential is relatively large aadonomic regions are
of equal size, no firmj € Ng will accept to form a collaboration link with a firmne Na.
Second let us assume thata > ng. Now, we haven;(g"*B) > n;(g**®), Vi € Na and
Vj € Ng. Note thatAtg(gi j,9) > 0 if Agi(gi,j,9) >0orn> (1;(14+2nj))/(ti (1+2n;))
andAr(gi j,9) > 0if Agj(gi,j,9) >0 orn> (1 (1+2n;))/ (tj (1+2n;)). However, for
ni(@*B) > n;j(g"B) andt > 1; > 0, it is straightforward to see that these conditions
cannot be satisfied simultaneously. Therefore, if the thigrdintial is relatively large and if
the green region is the largest, no fifra Ng will accept to form a collaboration link with a
firm i € Na. Condition 1.Remark thatj = 1j, V(i, j) € Na and¥(i, j) € Ng. Furthermore,
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recall thatn;(g**®) = n;(g"*B),V(i, ) € Na and¥(i, j) € Ng. Under these conditions,
from (??) it comes that\g;(9,9;,j) < 0 andAg;(9,di,j) < 0,V(i,j) € Na,¥(i,j) € Ng and
AT5(9,0i,j) < 0 andATj(9,0ij) < 0,Y(i, ) € Na,Y(i, ) € Ng. Therefore, no pair of firms
linked in the networlg™*® has an incentive to broke its collaboration link. Since graph
structureg® satisfies internal and external stability conditions,  jgairwise stable graph.
|
Proof of proposition 16. In order to prove that the grapif**® is not Pairwise Stable it
is sufficient to show that firms are willing to form interrega links. Consider the net-
work g*B. Notice thatn; (g*B) = na — 1 < nj(g*"B) = ng — 1, Vi € Na andVj € Ng.
Now, consider a pair of firm§, j) such thai € Na andj € Ng. This pair of firm is will-
ing to form a collaboration link ifATg(g; j,9) > 0 andAt(g;j,9) > 0; that is, ifn >
(T1j(14+2(ng—1)))/(ti (1+2(na—1)))andn> (t; (1+2(na—1))) / (Tj (1+2(ng — 1))).
( A—l.)—nrj nTi(znA__l)_TjWhenTA>
2nT;| 21
g > 0andn< % The remaining of the proof is left to the readar.m

Note that these two conditions are satisfie <hng<
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