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Abstract

We determine the emergence of the Porter hypothesis in a large oligopoly setting
where the industry-wide adoption of green technologies is endogenously determined
as a result of competition among coalitions. We examine a framework where firms
decide whether to be “brown” or “green” and compete in quantities. We find that the
Porter hypothesis may emerge as a market configuration with all green firms spurred
by environmental regulation, even if consumers are not environmentally concerned.
We also single out the necessary and sufficient conditions under which the green
grand coalition is socially optimal and therefore yields a win—win outcome. Then,
we show that, if the environmental externality is steep enough, the tax rate maximis-
ing welfare in the initial industry configuration is a driver of the win—win solution.
Finally, the analysis is extended in several directions.
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1 Introduction

Over the last two and a half centuries, since the very beginning of the industrial
revolution, the bulk of industrial activities and the associated growth of the world
economy have relied on brown energy delivered by the intensive exploitation of
nonrenewable fossil fuels. It is now widely recognised that, should the economic
system continue to go the brown way, the planet would run out of nonrenewable pol-
luting resources in a matter of generations; exactly how many is a matter of opinions
and estimates, but compared to the farthest future, it is certainly too small a number.
For instance, Meadows et al. (1972) posited the existence of biophysical limits to
growth, by predicting, with no changes to historical growth trends at that time, a
“sudden and uncontrollable decline in both population and industrial capacity” by
2072.! Additionally, future generations would inherit a planet which would be not
only depleted of its pristine stock of resource, but heavily and perhaps even irrepara-
bly transfigured for the worse by climate change. Therefore, the question is whether
a mix of private incentives and public policies may avoid the realization of this sce-
nario. In this paper, we model this interplay to show that there may exist a way of
combining profit incentives and policy tools to open up a green production path.

The key question is: will a number of energy-intensive industries, or even the
whole world economy put itself on a sustainable growth path?” Is there any hope
that large populations of profit-seeking corporations will indeed turn themselves
“green” as a reaction to a changing landscape, by positively responding to the intro-
duction of new regulatory instruments building up binding limits to the environmen-
tal impact of firms’ activities? According to the Porter hypothesis (Porter 1991), we
may expect profit-seeking firms to behave like that, expecting to be better off if they
do so, under appropriate policy stimuli.

Over more than 2 decades, the Porter hypothesis (PH, hereafter) has generated a
lively trend of thought about the existence of promising links between public envi-
ronmental concern and firms’ green strategies (or the lack thereof). The foundation
of this debate asserts the possible existence of positive private returns to pollution
control investment, possibly large enough to more than offset the cost of compli-
ance. If this is true, then a win—win solution triggered by environmental regulation
and driven by firms’ reaction to it is in fact within reach. The essence of the PH boils
down to the idea that strict but flexible environmental regulation encourages inno-
vations enhancing competitiveness and contributing to make firms more profitable,
and therefore happy to deliver a socially efficient outcome such as a clean (or at least
cleaner) environment, as a by-product of their own private incentives. Porter and van
der Linde (1995a, b), in particular, claim that pollution is often a waste of resources.

! Braat and Van Lierop (1987) summarises and surveys part of this literature.

2 Here, ‘sustainable’ means not necessarily altogether green but simply ‘low carbon’, as the basic
requirement boils down to reducing the emission rate of production and consumption activities to a level
compatible with the environment’s capability of absorbing and recycling CO, and other greenhouse
gases, as it did for ages before the beginning of the industrial revolution.

3 See Wagner (2003), Ambec et al. (2013) and Lambertini (2013, 2017) for exhaustive surveys of the
debate on the PH.
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Under certain conditions, reducing the latter may drive an increase in firms’ pro-
ductivity and profits. Regulations therefore may ultimately help firms by unlock-
ing unexpected profit opportunities.* With this in mind, Porter and van der Linde’s
(1995a, b) view privileges market-based instruments (like emission taxes and the
costly allocation of pollution rights) rather than command-and-control instruments
(like environmental standards).

The stream of research generated by Porter and van der Linde (1995a, b) has
investigated two different versions of the PH. The weak one claims that firms do
respond to environmental regulation by investing in R&D for green (either abate-
ment or replacement) technologies, which in turn may not lead to higher profits. The
strong version of the PH says instead that one of the consequences of environmental
policy is indeed that of increasing firms’ profit perspectives.® Obviously, the strong
version has generated a debate which would not have stemmed out of the weak alter-
native formulation, the reason being that conventional wisdom has it that, in general,
limiting firms’ freedom should ultimately compromise their performance (cf. Palmer
et al. 1995). Hence, one could say that, in a way, the effective merit of Porter and
van der Linde’s (1995a, b) papers has been that of convincing businessmen (among
whom the PH is receiving a growing amount of attention) as well as policy makers
about the potentially proficuous nature of environmental regulation.

If put into being, the virtuous mechanism embodied in the strong version of the
hypothesis would produce a win—win outcome in which both a cleaner environment
and a higher financial performance would go hand in hand, as a result of the recipro-
cal alignment of private (profit) incentives and social (welfare) incentives.

A distinctive feature of the PH is that it does not necessarily require any consum-
ers’ environmental awareness, relying primarily on pure profit incentives towards
green innovations to neutralise environmental regulation.® The PH is seemingly
easier to implement if green consumption is in place. This is crucial to justify the
trade-off between costs and benefits rendering the policy acceptable. Interestingly,
Constantatos and Herrmann (2011) for instance propose a duopoly model where
consumers recognise the green quality of the products only with a time lag. Thus, if
regulation does not impose a simultaneous adoption of the eco-friendly technology
among companies, a firm unilaterally may lose profits due to higher costs (which
represents a direct effect) and reduce market share due to higher product prices
(which is a strategic effect).

4 Since Gore (1993), politicians have viewed the green economy as a chance for growth and competitive-
ness for the industry. See also Wagner (2003).

5 A third version of the PH is known as narrow, and claims that flexible policy instruments outperform
command-and-control instruments as for the resulting innovative incentives perceived by firms. For more
on different formulations of the PH, see Jaffe and Palmer (1997).

6 Several studies (indeed, too many to be exhaustively mentioned here) have shown that world-wide,
consumers’ appetite for green products has increased significantly in the past years (see Kim and Choi
2005; Chen 2008, inter alia). The rise of such consciousness has resulted in significant environmen-
tal improvement (Reitman 1992). More companies around the world have reacted by developing eco-
friendly products and pollution control investments (Chang 2011). Higher costs required for the progres-
sive eco-technology are sustainable due to larger demands of green consumers.
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Unlike much of the current literature on environmental issues, including the PH,
the present analysis sets aside the assumption of environmental awareness. Our
intention is to emphasize the possibility to obtain beneficial impacts from regula-
tion simply due to the spontaneous firms’s reaction to an environmental policy, the
latter being not amplified or accompanied by any environmental consciousness on
the part of consumers. No variations in demands or information of green technology
adoption are needed, and we will assume that the representative consumer is char-
acterised by a concave utility function where there is no room for the environmental
impact of either consumption or production. Our point simply rests on the stream-
lined background idea that competitive pressure intensified by regulation pushes
innovation and the resulting mechanism yields a Pareto efficient outcome for firms
and society alike.’

The extant debate on the PH mostly relies on duopoly models (Ambec and Barla
2006; André et al. 2009; Constantatos and Herrmann 2011; Lambertini and Tamp-
ieri 2012; inter alia).® We instead model an oligopolistic Cournot sector in partial
equilibrium, where firms individually decide whether to be brown or green and then
compete in quantities.” Brown firms are subject to a tax rate on polluting emissions.
On the other hand, green firms do not bear any taxes, but incur both a cost of invest-
ment in clean technology and a higher marginal production cost. To characterise
firms’ choices concerning the nature of their production technology, we resort to a
tool borrowed from coalition theory (cf. d’Aspremont et al. 1983; Donsimoni 1985;
Donsimoni et al. 1986; Thoron 1998). Using the concepts of internal and external
stability of a coalition and assessing the welfare properties of the oligopoly under
consideration, we identify the conditions on the two key parameters of the model,
the emission tax and the exogenous R&D cost of obtaining the green technology,
such that the grand green coalition (1) is stable and (2) generates a win—win solu-
tion, thereby yielding a theoretical vindication of the PH in its strong formulation.
Additionally, and most importantly, we show that the ex ante socially efficient tax
rate is an appropriate incentive for firms to produce the win—win solution when the
externality is strong enough.

From an empirical perspective, the possibility of systematically testing the emer-
gence of the PH may be limited by several problems affecting the nature of the data
as well as their availability. Indeed, regulatory compliance expenditures do not pro-
vide a truly exogenous measure of regulatory burden, since the amount of these

7 Note that our approach has the aim to highlight the role of competition, but does not exclude—in
principle—the presence of environmental awareness. Intuitively, green consumers taking into account
the firms’ environmental attitude in shaping their consumption decisions would generally prefer to buy
from firms endowed with green technologies. This would be in line with the results supporting the Porter
hypothesis, and would plausibly facilitate the attainment of a win—win solution.

8 It is worth stressing that the results obtained in Lambertini and Tampieri (2012) include overcompli-
ance, or, firms’ willingness to go green without regulation. In this respect, recent evidence has confirmed
this possibility (see Ford et al. 2014).

° Earlier analyses of the environmental implications of oligopolistic Cournot competition are in Katsou-
lacos and Xepapadeas (1995) and Fujiwara (2009), inter alia, where, however, the PH is not accounted
for. A view of the PH based on agency costs and the internal organization of the firm is in Ambec and
Barla (2002).
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costs also depends on the adaptability to regulation of an industry. In light of this,
Jaffe and Palmer (1997) show the existence of a positive link between R&D expen-
ditures and pollution-abatement costs, as a proxy for the stringency of environmen-
tal regulation. Popp (2005) examine the presence of the PH by calibrating a model
of induced R&D when the outcome of innovation is uncertain. The strong version
of the PH is here supported in some cases. Lanoie et al. (2011) test the significance
of the PH using data on environmental policy, research and development, environ-
mental performance, and economic performance. They find strong support for the
weak version but no support for the strong version. In a recent work, Rexhéduser and
Rammer (2014) show that only innovation processes influencing the resource effi-
ciency of firms have a positive net return. Hence, the PH in its strong version does
not hold in general, its emergence depending on the type of environmental innova-
tion applied. This caveat notwithstanding, empirical analysis, and case studies seem
to confirm that accurate design of regulatory measures, possibly in a flexible form,
may indeed be conducive to win—win solutions (see Majumdar and Marcus 2001;
Partzsch 2009; Costa and Ferrao 2010; Costa et al. 2010).

The paper also relies on the literature that focusses on the incentives in invest-
ing in technological change of pollution abatement (Milliman and Prince 1989).1
In particular, Requate and Unold (2003) analyse different policy instruments (taxes,
auctioned permits, grandfathering, and emission standards) determining whether
one of them gives more incentives to firms to adopt a pollution-abatement technol-
ogy. Like the present analysis, Requate and Unold (2003) evaluates the conditions
under which all firms or no firms will adopt the new technology. The main differ-
ence with the present paper is the focus on a competitive market rather than an oli-
gopoly. This allows to ignore market competition and the strategic effect of adopting
an environmental friendly technology. In turn, the stability analysis is not necessary,
and the proportion of green or brown firms is determined by a comparison of costs
which, in case of emission permits, depends on the number of brown firms.

Finally, the paper is indirectly related to the debate on international environmen-
tal agreements (IEAs), and in particular on its formulation in terms of non-cooper-
ative game-theoretical models.!! This literature analyses the stability conditions for
countries to be part of the IEA. Even if the context is clearly different, the link is
both on the similarity of the theoretical analysis and on the same purpose of finding
the conditions for a sustainable economy.

The remainder of the paper is organised as follows. The outline of the setup is in
Sect. 2. Section 3 contains the analysis of coalition stability. Section 4 illustrates the
necessary and sufficient conditions for the strong formulation of the PH to emerge at
equilibrium. Different extensions of the basic setting are proposed in Sect. 5. Con-
cluding remarks follow in Sect. 6.

10" See Jaffe et al. (2003), for a survey.
' Seminal contributions are, among others, Carraro and Siniscalco (1993) and Barrett (1994). See Finus
(2008) for a survey.
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2 The model

Consider a static market with n > 2 firms competing a la Cournot-Nash.'? Firms
supply a homogeneous good, whose demand function is p = a — Q, where a is a
positive constant parameter measuring the choke price and Q = Z?:l q; aggregates
all firms’ individual output levels g;. Firms can be of two types, either brown or
green. A brown firm uses a polluting production technology and bears an emission
tax rate ¢ > 0 imposed on each unit of output. Conversely, the production of green
firms does not affect the environment, so that no taxation is levied on them. How-
ever, green companies face an investment cost k > 0 to implement their green pro-
duction technology, and their marginal cost is higher than the one of brown firms.
Without loss of generality, we normalise marginal production cost of a brown firm
to zero, whereas the marginal production costs of a green firm are ¢ € (0, a). This
assumption reflects the higher cost of environmentally friendly resources in the
real world. Reports from many countries show that, for instance, the energy pro-
duced with on/offshore wind and photovoltaics/thermal solar is more costly than the
energy obtained from coal or natural gas.'?

Before market competition takes place, each firm decides whether to be brown
or green. Suppose that the industry is populated by 1 <m <n green firms and
n —m brown firms. The demand function is thus p = a — mq, — (n — m)q,,, where
subscripts b and g mnemonic for brown and green, respectively. The profits of a
green firm are defined as 7, = (p — ¢)q, — k, while those of a brown firm are
m, = (p = 1),

In the remainder, we shall assume a > ¢t > ¢. This assumption ensures that (1) the
choke price is large enough for both types of firm to be viable, and (2) it may be con-
venient for a firm to be green (otherwise, for any ¢ < ¢, it would not be convenient to
opt for the green technology). The diffusion of green innovation and the role of envi-
ronmental policy and competition matters in several markets. Evidence of this rela-
tionship emerges, for instance, in the European manufacturing sector (Rubashkina
et al. 2015) and in the German energy market (Horbach and Rammer 2018).

As it is usually assumed, the environmental damage S is a quadratic function of
the quantity produced by brown firms:

n 2
S = v(zb:m+1 qb)
= f’

where v is a positive parameter.

12 See André et al. (2009) and Lambertini and Tampieri (2012) for a model of vertical differentiation
in a duopoly framework with price and quantity competition, respectively. They both find that a policy
regulation, i.e., a tax on brown technology can be Pareto-improving for all firms. Mohr (2002) propose a
similar framework looking at the impacts of the technological spillovers.

13 See the OpenEI database for United States (http:/en.openei.org/apps/TCDB/transparent_cost_datab
ase), the 2015 report by the Fraunhofer Institute on Germany (https://www.ise.fraunhofer.de), and the
2010 report by Pasons Binckernhoff on Great Britain (www.pbworld.com/pdfs/regional/uk_europe/pb_
ptn_update2010.pdf), inter alia.
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Total tax revenue is T =1, _ ., q,. whereas consumer surplus is measured by
CS = Q?/2. Hence, social welfare is defined as the sum of industry profits, con-
sumer surplus, and tax revenue, minus the environmental damage:

SW:ing+ Z 7, +CS+T-S. (1)

g=1 b=m+1

3 Stability analysis

To begin with, it is worth noting that the Cournot—Nash equilibrium of this industry
is equivalent to that emerging in a situation in which there are two sets of asym-
metric firms endowed with different marginal production costs. Here, one is indeed
a production cost, while the other is mimicked by the emission tax rate. The market
equilibrium is thus identified by the following pair of output levels:

_a—cn—-m+1)+t(n—m)

n—
>1p

m_atcem—tm+1)
- 14+n

m

8 1+n

s

for each of the m green firms and n — m brown ones. The resulting individual equi-
librium profits are:

_[a—c(n—m+1)+t(n—m)]2 B
¢ (1+ny

m
T

k, )

n—m [a+cm—1t(1+ m)]2
T T (1 + n)> ’ )

given two generic groups of size m and n — m, respectively. Observing profits 7[;”,
it is evident that if m = n, the condition for the grand green coalition to be viable is
k € [0,k), withk = (a—c)*/(n+ 1)

The next step, which drives us into the realm of coalition theory, consists in tak-
ing the fully brown industry where m = 0 as a benchmark, to examine the stability
of the grand coalition made up by n brown firms, in view of the incentive for a firm
to become a green singleton. Fixing, respectively, m = 1in (2) and m = 0 in (3), we
obtain the following profit expressions:

. la—cn+tmn—1DJ L (a—1)?
T, = 2 —kx, = 2°
(1+n) (1+n)

which measure, respectively, (1) the performance of a single firm becoming unilat-
erally green, and (2) that of each firm in the grand brown coalition. There exists an
incentive to abandon the grand brown coalition unilaterally if and only if the follow-
ing expression is positive:
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k-
1 —k
0 x l
J¢ ¢
Fig. 1 The instability of the brown grand coalition
L, nt=o2@—1) +n(t—c)] - (1+n)’k
T, =T, = . %)

(1 +n)*

Observing (4), we may claim:

Lemma 1 The grand brown coalition is unstable for all k € (0,%), where:

n(t —c)[2(a— 1)+ n(t — )]

k
(14 n)?

are drawn in Fig. 1, in the space (¢, k). The vertical

——

The critical values {Ig,%

dashed lines at r = ¢ and ¢ = a delimit the admissible range. Since k becomes
higher than & for admissible values of ¢ between ¢ and a , we have:

e for all k € [0, min{l_c,%}), the grand brown coalition is unstable and the grand
green coalit_ion is viable; _

e as soon as k > k, for all k € (k, k), the grand brown coalition is unstable, but
the grand green coalition is not viable.

Lemma 1 implies that, if the R&D cost of developing the green technology is

sufficiently small, one has to expect unilateral deviations from the status quo ante
in which all firms share the brown technology and bear the emission tax. This
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produces the additional question about how many firms will indeed choose to go
green.

The intuition of the foregoing discussion can be found by observing Fig. 1.
The possible market configurations depend on the combination between the tech-
nological features of the two firm types. When the fixed cost of the green tech-
nology k is high and the tax is small, all firms choose to be brown. The oppo-
site applies when k is small and 7 high. When both costs are high, there is not
a clearcut advantage in choosing one technology or the other, and the equilib-
rium choice strategically depends on the competitors’ choice: a mixed market
configuration emerges. However, notice that k € (k, k) does not ensure that the
mixed market configuration is indeed stable. This point will be discussed in what
follows.

To determine the equilibrium partition of the population of firms between the
brown and green types, we resort to a stability condition borrowed from coalition
theory and used in the literature discussing the optimal size of a cartel facing a
competitive fringe, as in d’Aspremont et al. (1983), Donsimoni (1985), Donsi-
moni et al. (1986), and Thoron (1998).

We take as the object of our interest the stable green coalition of size m > 1.
In the present model, a partition {m,n —m} with m green firms and n — m brown
ones is stable if no green firm desires to become brown (internal stability), and at
the same time, no brown firm desires to shift to green (external stability).

Consider first the internal stability criterion. For the green coalition of size m
to be stable, there must exist no incentive for any of its member to deviate unilat-
erally and join the brown coalition. Let:

_la+cm—1)—tm)?
B (1 +n)?

n—m+1
b

denote the profits of a brown firm, when a single green firm quits the m-sized green
coalition to become brown, thereby increasing the numerosity of the brown coalition
ton—m+ L

Likewise, one can easily compute the profits of a green firm when a brown
firm changes its type becoming a green one, thereby increasing the size of the
green coalition to m + 1:

ot la—t+—ma—ol

k.
& (1 +n)?

Hence, the stability conditions for a market structure with m green firms and n — m
brown firms are:

sl o, )
Vs > T, (external stability).

{ am > ﬁZ""H(internal stability)
b

A coalition is defined as internally stable if and only if, for m > 1, the profits of each
single green firm associated with other m — 1 green firms are higher than those the
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same firm would attain by moving from the green coalition towards the alternative
brown coalition. Conversely, a coalition of m green firms is defined as externally sta-
ble if and only if, for m < n — 1, there is no incentive for a firm in isolation to move
from the brown coalition towards the green one. We already know that a way of
reading Lemma 1 is that the degenerate coalition consisting in the singleton m = 1is
externally stable for all £ € (0, k). We are about to show that, provided that the cost
associated with green R&D is not too high, the stability conditions (5) are simulta-
neously verified by some admissible values of m at least equal to one and at most
equal to n . To this aim, define as (1) m; the maximum value of m, such that internal
stability holds, i.e., z7 > z/"""~", and (2) my; the minimum value of m above which
external stability holds, i.e., 7,7 > n;”“. The following lemma applies.

Lemma 2 There exists an admissible k > 0, such that any k € (Oﬁ] ensures

my,mg > 1.

Proof The first difference related to the internal stability shows that:

n n—m-1y _ Mt =0)2(a—c)—(t—c)2m—n)] - k(1 + n)2
" —rx = >0,
8 b 1+ n)?
if and only if

n(t = o)[n(t = ¢) + 2(a — ¢)] — k(1 + n)?
2n(t — ¢)? '

mm =
In turn, m; > 1 for all k € (0, k],
External stability requires:

k(1 + n)2 —n(t—o)2a—-1t)+ (- c)n—-2m)] >0

n—-m __ ﬂ,m+1 -

T

b 8 (1+n)? ’
which holds for all:
n(t — o)[2(a — 1) + n(t — ¢)] — k(1 + n)?
m2mg = .

2n(t — ¢)?
In turn, mg > 1forall k € (0, 75] , with:

n(t —co)[2(a+ c — 2t) + n(t — ¢)]

k
(n+1)y7°

Note that sign {/k\} =sign{2(a + ¢ — 2t) + n(t — ¢)}. A sufficient condition for %> 0is
a+c>2t.Ifinsteada+c <2t :

A~ 22t —a —
k>0©n>—( lt a C),
—C
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k-

|7~

Fig.2 Internal and external stability of the green coalition

with 2t—a—-c)/(t—c) <1 always, because a >t. Therefore, k is positive
everywhere.

Now, observe that the difference between the two critical levels of cost k is equal
to:

_ A _ 2
k_k=2n(t c)
(n+1)y7

This indeed implies that, if k € (0, k] then my;, mg > 1. Adding up % to the picture,
we obtain the graph in Fig. 2, where it appears that % becomes binding in place of k.
This concludes the proof.

It is worth stressing that since k > k, what bites here is the highest admissible
level of the R&D cost below which the external stability requirement is met by a
coalition of admissible size, i.e., at least a singleton. This prompts for a comparison
between m; and my, because if my is higher than my, then no stable green coalition
may exist. A quick comparison between the two relevant expressions delivers:

Corollary 1 Take ke(O,/k\], so that mymg > 1. In this range, my—mg =1
everywhere.

Since m must be an integer, Lemma 2 and Corollary 1 yield the following rel-
evant result:
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Proposition 1 Take k € 0,? , S0 that my,mg > 1, with my — mg = 1. In this range,

there exists a stable green coalition of size m € [ml, min {n, mE}]

Figure 2 shows the result. Proposition 1 says that there exists an admissible parti-
tion of the parameter space (in particular, a range of values for k), wherein a green
coalition is stable. Intuitively, the green coalition is unstable for high investment
costs k € </k\,E)

Finally, notice that the size of the green coalition might even coincide with the
entire population of firms. That is, at equilibrium, we might observe the arising of a
grand green coalition. To check it out, one has to perform the analysis of the condi-
tions under which this outcome will indeed obtain and characterise its welfare prop-
erties, to verify whether we may expect the whole industry to attain the win—win
solution implied by the strong version of the PH.

4 Grand green coalition and social optimum

In this section, we illustrate the conditions according to which the PH emerges in its
strong version, and we determine the welfare properties of the grand coalition made
up by n green firms.

To begin with, consider that, since m; —my =1, n € [mE,ml] is the necessary
and sufficient condition to ensure that the grand coalition m = n will indeed be the
unique stable one. Now, let q; be the lowest level of the choke price above which
my > n, and ag be the highest level of the choke price below which n > my, respec-
tively. The following holds:

Proposition2 For k € (0, min{7c\,’lz}) and a € (al, aE), the grand coalition consisting
of n green firms is stable.

Proof The comparison between m; with n yields:

o _a=c_n_ kl+n)
' t—c 2 2n(t—c)2.
This difference is positive for all:
k(1 +n)* + n(t — o)[2¢ + n(t — ¢)] -0
2n(t — ¢)? '

a>a; =

Then, comparing n with mg, we obtain:

_ k(1 +n)* —n(t - o[2(a—1) —n(t - o)
B 2n(t — ¢)* '

I’l—mE

(6)
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k-

|7~

Fig.3 Stability of the green grand coalition
A sufficient condition for the rh.s. of (6) to be positive is a € (f,ag), with
ag = [n(t — ¢) + 2t]/2 > t. Finally, a; < a iff:

2n(t — ¢) — k(1 + n)?
2n(t — c¢)

> 0,

which is true for all k € (0,75), where k = 2n(t — ¢)/(1 + n)*. Comparing k against

k and 75, one finds that k > k everywhere, while %k —% has the same sign as
2(a = ¢) + (n — 6)(t — ¢), which is surely positive for all n > 6, but may change sign
if industry concentration is sufficiently high. The condition posed by k is more strin-
gent than that implied by £, as depicted in Fig. 3.

The foregoing analysis has been carried out identifying thresholds for k below
which (1) a green coalition of size m is stable, and (2) the grand green coalition
m = n arises, possibly yielding a vindication of the PH in its strong formulation.
Hence, one could say that the level of green R&D costs has a pivotal role in shaping
the behaviour of firms. This, true as it may be, would leave aside the role of emis-
sion taxation. Indeed, the critical thresholds for k are defined in terms of {a, c, n, t},
i.e., the exogenous parameters and the policy instruments in the hands of the govern-
ment. For any triple {a, c,n} and any k > 0, the policy maker can in fact manipulate
7 50 as to satisfy the two crucial conditions highlighted in Propositions 1 and 2, by
fine-tuning the emission tax rate in such a way that k < k, thus driving firms towards
the generalised adoption of the green technology.
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This result is consistent with the empirical findings from the Progress report
towards the EU’s 2020 renewable energy goals (European Commission 2017),
according to which cheaper technologies enables renewables to enter markets and
spread in them.

We are left with one last task, which consists in checking whether a grand
green coalition is indeed socially efficient industry configuration.

Proposition 3 The grand green coalition is socially efficient for all
ke (O, min {7: k*,k}), where:

. { aft —c(n+2)]+cn(n+2)t —c(n(n+ 1) — 1)] }
k* =max< 0, .

(n+ 1)?

Proof The first order condition for the maximisation of social welfare with respect
to m yields:

ng:am3+ﬂm?+wn+5=o, (7)
om

where

a =2v(t - ¢)%,
f==3vt-c)la—cn+tn-1)],
y =—2ct(2 + n) + a*v — 2cnv[2a + t(n — 2)]
+ 1t + v(a(@n — 2) + t + tn(n — 4)] + *[3 + n(nv + 2)1,
8 =k — (1 +n)* — a*nv + cnt2 + n — nv) + n[k(Z +n)+2((n—1)— 1)]
+ a[c(Z +n+ nzv) —t(nv(n —2) + 1)].
We have to verify whether there exists an admissible subset of the parameter space
{a,c,k,n,t} where, at m = n, (1) 0SW /om > 0, (2) the individual equilibrium profits
of a green firm are positive, i.e., z7%=" > 0; and (3) conditions (5) for internal and

external stability are simultaneously satisfied.
By fixing m = n, we may rewrite (7) as follows:

OSW tla+cn2 +n)] — 6‘2(1’12 +n-— 1) —ac(2 +n) — k(1 +n)? -0
om m=n B (1 + l’l)2 7
for all

cz(n2+n— 1) +ac2 + n) + k(1 + n)*

t>t
a+cn(2+n)

b}

or, equivalently, for all
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alt —cn+2)]+cln(n+2)t —c(n(n+ 1) — 1)]

k <k
(n+1)y7°

)

whenever k* is positive. This critical level of & must be evaluated against ¥ and %.'*
This exercise reveals that k > k* everywhere, while k > k © ¢ > c,and:

a+nc(n+6)+ \/ all = 2cn(3n + 2)] + An[n(n + 4) + 4(3n + 2)]

I>ket>
4n

Consider now that the profit function in equilibrium is equal to:

(a—c)?

men _ (@ =0)’
T = ’
(1 + n)?

= 2—k>0 Vk<k
§ (14n) -

and

2cn+ (a—c)\V2n
C, b}
2n

2cn+ (a—c)\/2n
,a
2n

=1

k>k Vte

<kt Vte

|

For any triple {a, c,n}, the critical levels { k, ?, Z, k* } can be drawn in the space (%, k).

Figure 4 shows the results of Proposition 3. The starred area above the horizontal
axis, below the lower envelope of {k, k*, l_c} and such that ¢ € (¢, a), identifies the

region we are looking for, in which the grand green coalition m = n is socially effi-
cient and is indeed delivered by firms’ incentives. That is, the starred area is where
the strong version of the PH obtains and delivers a win—win solution. The result is
intuitive: the grand green coalition is socially efficient if the investment cost to
implement the clean technology is sufficiently low.

The last step consists in looking at the position of the socially efficient tax rate in
the graph appearing in Fig. 4, with a view to verifying whether the tax rate maximis-
ing the ex ante level of social welfare for a generic industry configuration m < n can
indeed drive the industry to the win—win solution. The maximisation of (1) w.r.t. ¢ is
attained at'>:

_— (a+cm)(n—m)(m+ 1)y —a—cmn+2)
W (n—m)[(m+ 1Py + 1]

)

14 Recalling that k>% always, k can be disregarded.

15 1t is worth stressing that fy, may either exceed the marginal environmental damage or fall short of it,
as we know from Simpson (1995): if the damage function S is not too steep, the regulator may typically
soften the tax with a view to preserving consumer surplus and industry profits.
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Fig.4 The win—win solution

and this must be compared to the tax rate which drives k* to zero:'°

[an+2)+ c(n(n+ 1) — 1)]c

im0 = a+cn(n+2).
This yields:
tsw = =0 = -
(n—m) [(m + l)zv + 1] [a + cn(n + 2)]
in which
A=@—-c)n—m(m+ Dla+c(n—m)(n+1)— D]y >0

® = ala + 2cn(n + 2)] + ¢ [m(n + 1% +n(nmn+1) - 1)].
Accordingly, tgw > t|.= for all:

ala + 2cn(n + 2)] + ¢2 [m(n + D> +n(mn+1) - 1)]
(a—c)(n—m)(m+ Dla+c((n—m)(n+1) —1)]

V>

This exercise proves the following result:

16 Tt can be easily checked that gy, is always lower than a:
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Corollary 2 If the environmental damage is sufficiently steep, then the socially effi-
cient emission tax tailored for an initial industry configuration (m, n) indeed delivers
the win—win solution.

This amounts to saying that, what may look, prima facie, the socially efficient tax
rate in a situation in which only m of the n firms in the industry are green, turns out
to be the driver of the Porter hypothesis in its strong formulation. It is worth stress-
ing that this happens in scenarios where the externality increases in industry output
at a high rate.

5 Extensions

The baseline results can be extended in several directions. Here, we explore the most
relevant cases by looking first at an alternative policy like a subsidy to implement
the green technology. Second, we investigate a framework where firms compete in
prices. Third, we analyse a green R&D process with the explicit introduction of a
cost-reducing R&D activity of the green firms. Finally, to make the results even
more robust, we extend the stability analysis to the case of either horizontal differen-
tiation, isoelastic demand or quadratic costs of green production.

In each extension, we follow the procedure developed in the baseline analysis
when it is possible analytically. Interestingly, the intuition of the results is similar
to the baseline setting in all cases, making the insights of the original model very
robust.

5.1 Subsidising green innovation

In this section, we assume that the government adopts a different policy. Instead of
taxing the brown firms, it subsidises each unit of output of green firms. Therefore,
the profit of a green firm is 7, = (p + s — ¢)q, — k, while that of a brown firm is
T, = pq,,, Where subscript s stands for “subsidy”. Assuming s > ¢ ensures that there
exists an incentive to choose the green strategy. In turn, social welfare is now:

SW,= D mp+ D T+ CS,— (1 + D)sQ, = S, ®)
g=1

b=m+1

In Eq. (8), (1 4+ A)sQ, represents the cost of the subsidy, where A € (0, 1) repre-
sents the shadow cost of public funds (see Laffont and Tirole 1986; Matsumura and
Tomaru 2013; Sato and Matsumura 2017, inter alia). Equilibrium quantities are:

_a+(s—o)mn+1-m) a—m(s—c)
8 n+1 b T n+1

m n—-m __

’

while profits are:
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w  la+(c—=s)(m—-n-— 1)]2 nem la—m(s— c)]2
= -k = ——
& (n+ 1) bs (n+ 1)

The condition for the grand green coalition to be viable is
k>kv=(a+s—c)/(n+1)> while a grand brown coalition is stable if k < k,
where:

- n(s—o)[n(s —c) +2da]
k. =
s (n+1)2

Profits of a deviating green and brown firm are, respectively:

womat _ [a=(m =D =P ol _ L= —)m - P .
bs (n+1)? e (n+1)? '

The condition for internal stability, 77.':; - ﬂzs_(m_l) > 0, holds for m < my,, where:

n(s — o)[(n + 2)(s — ¢) + 2a] — k(n + 1)?

2n(s — c)2

Is

The condition for external stability instead, 7, " > ﬂg“, holds for m > mg, where:

_ n(s — o)[n(s — ¢) + 2a] — k(n + 1)?

B 2n(s — ¢)?

>

and myg, is greater than 1 for k < %S, where:

2= n(s — c)[(n — 2)(s — ¢) + 2a]
ST (n+1)? '

In addition, %s - /lgs =2n(s — ¢)*/(n + 1)> > 0. Similar to the baseline model, the
range in which the coalition is stable exists, since m;, — mg, = 1.

‘We now check the conditions under which a grand green coalition is stable. Denote
as a;, the lowest level of the choke price above which m;, > n, that is:

1| 2a k(n+1)?
mIS—n=5[S_c—m—n+2 >0
(n —2)n(s — ¢)* + k(n + 1)
a> a = .

2n(s —c¢)

We denote next ag, as the highest level of the choke price below which n > mg,, that
is:

m _n=l k(n+1)? _ 2a 50

Es 2| n(s — ¢)? s—c
_n2(s—c) +k(n+1)?

a> g = 2n(s — ¢)
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Finally, ag, — a;, = s — ¢ > 0. Differentiating social welfare SW, and fixing m = n,
we get BW, = O for all k < k¥, whenever k is positive, where 5w, and k* are
om |m=n s s m=n s

formally derived in the appendix. Finally, k> k; for a > a;, where:

m=Ds—=0c)2cn+c+s(A+ (A - Dn)]
SA+(A+2n)—s—c(n—2)

sk

ay

Differentiating k with respect to 4, we get:

ﬁ _ sla=(n—=1(s=0)] -

24 n+1

O’

for a > d, = (n — 1)(s — ¢). Therefore, an increase in the cost of public funding has
ambiguous effects on the efficiency of the grand green coalition, based on the level
of the choke price: if a is sufficiently high, an increase in the cost of public funding
decreases the threshold k7 under which the grand green coalition is socially efficient.

We conclude the section by investigating the level of socially optimal subsidy,
and we compare it with the socially optimal tax rate. Differentiating SW, with
respect to s yields asaw
the appendix. )

We can now compare the welfare levels alternatively generated by the socially
optimal subsidy sqy and the optimal tax rate fgy,. It is worth stressing that, for any
A > 0, the weight of total subsidisation in (8) exceeds the weight of tax income 7 in
(1)."7 This implies that, strictly speaking, the alternative cases of taxing brown
firms’ emissions and subsidising green firms’ production are comparable only for
A = 0. In addition, to fix ideas, we focus on the case where all firms but one have a

green production, i.e., m = n — 1, which gives SW (fgy ) — SW,(ssw) |/1_0 >0

s

OSW, . .
s =(0fors = 5%, where a—‘ = 0 and s} are formally derived in
: " s

for n > ng, where:

(@0 + D) =2acv+ 12+ 200 +2) +5)
ng = C(l — V) .

The results are intuitive. The cost of subsidy is too high when the number of firms
receiving the subsidy is too large.

5.2 Price competition

In this section, we investigate whether the baseline results are robust to a setting
with horizontal differentiation and Bertrand competition. The focus is on whether
the results proposed int the baseline model of Sect. 2 survives in the case of price
competition. In this setting, the demand is:

17 Indeed, empirical evidence shows that A is usually positive, although smaller than 1. See Laffont
(2005), and Kleven and Kreiner (2006), inter alia.
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an mpg (n —mp,

T yn—-D+1 yu-D+1 ym-D+1

0,

where subscript B stands for “Bertrand”. To fix ideas, in what follows we set
y =1/2 to ensure a certain degree of complementarity among products.'® Price
competition yields:

_an+ D +cen(m+n+1)+nt(n —m)

;nB n+1DR2n+1) ’
wem _ACn+ 1) +n[2n+1) —m(t - o)]
bB (n+1)2n+1) ’

Profits are:

_2nln(c(n—m+2)+tm—n)+c—aln+ 1

m k,
sB (n+1YQ2n+ 1)

wem _ 2n[2an+a + cmn — t((m + 2)n + D

BT (n+1)3Q2n+ 1) ’

The condition for the grand green coalition to be viable is k € [0,k,), where
k, = 2n(a — ¢)?/(n+ 1)3. Conversely, the grand brown coalition is unstable for all
k € (0, k), where:

2n(m® +n+ 1)t —o)2a2n+ 1) —n(cn+ ¢ —nt +31) — c — 1]

k (n+1)3Qn+ 1)2

To determine the stability of the coalition, we derive profits of a deviating green
firm and a deviating brown firm, respectively:

_2n[a@n+ 1)+ cn(m — 1) — t(mn + n + D)

n—m+1

bB (n+1)32n+1)? ’
] =2n[n(c(—m +n+D+tm—n+1)+c—aCn+ 1 —k
§B (n+1)3Q2n+ 1) ’
The condition for internal stability, 77”;3 - EZ]; (m=1) > 0, holds for m < myg, where:
g

2n(n? +n+1)(c—t))—2a@n+ D) +c(n? +3n+1) + (—n> + n+ 1)f] —k(n+ 1>Q2n + 1)
4n2(n2 +n+1)(c - 1)? ’

mpg =

where mpg > 1 for k€ (0, E,,). The condition for external stability instead,

" > 7[;"1;1, holds for m < mgg, where:

18 The effect on the substitutability or complementarity of the goods is instead discussed with further
details in Sect. 5.4.
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2n(n +n+1)(c - D[-2a@n+ D+ c(n® + n+ 1) + n*(=0) + 3nt + 1] — k(n + 1)>2n + 1)
4n2(n? +n+1)(c—1?

5

mgg =

where mgg > 1fork € (0,2,7 ), where

2n(n* +n+1)(c = Dln(cn—1) = (n = 5)1) = 2an + 1) + c + 1]

&
b (n+1)3Qn+ 1)

Like in the baseline model, m;z — mgg = 1 whenever k € (0,/15,, >

Condition n € [mEB,mIB] is again the necessary and sufficient condition to
ensure that the grand coalition m = n is the unique stable one. We denote as a;g
the lowest level of the choke price above which myz > n, and agg as the highest
level of the choke price below which n > mgg, where a;3 and agg are formally
derived in the appendix. Finally, apg —ap = n(t —c)/(2n+1) > 0, so that the
range of existence of the grand green coalition always exists.

We conclude the section by verifying whether a grand green coalition is an
efficient industry configuration even with Bertrand competition. Differentiating
social welfare, denoted as SW,, and fixing m = n, we get % > 0 for all

m=n
. .. OSW . .
k< kz, whenever k; is positive, and where > L and kz are formally derived in
m

m=n

the appendix. Finally, k> k* for a > ay, whose expression is relegated in the
appendix. We confirm that a market with price competition and a certain degree
of substitutability have similar stability conditions compared to the baseline set-
ting. In particular, all the results proposed in this section confirm that the stability
of the grand green coalition and the socially efficient solution is compatible with
both price and quantity strategies in the market.

5.3 Green R&D

In this section, we explicitly introduce a cost-reducing R&D activity by green
firms. This structure is typical in the industrial organization literature, and aims
to model the real effect of innovation in green technology. We stipulate that the
green firm exerts an explicit R&D effort, denoted as r , to make the green product
more competitive. The profit function of a green firm is now:

0r§
7rg=pqg—(c—rg)qg—7—k, 0 >0,

where ¢ — r, represents the fact that R&D effort decreases the unit cost of the green
technology, while Brﬁ /2 represents the fixed R&D cost. To ease the exposition and
limit the number of parameters, we set § = 3 /4 which ensures that the above objec-
tive function is well defined and the maximisation process due to the concavity
condition is ensured. In this case, green firms compete by simultaneously choos-
ing their optimal quantity and the R&D effort, while brown firms only choose their
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quantities. The market equilibrium is now represented by the following output levels
and research effort:

Bla-c(l+n-m)+(n—mt]

m
der =

k)

4m—-1-n

4la — c(1 +n—m) + (n — myt]

= ,
8 dm—-1—-n
wem _ @ —3cm+ (3m— 1)t
DR =g —1-n

where subscript R stands for “R&D”. The profits of a green firm are:

m o 3la—c(l+n—m)+(n—mi)P 3

T o=
8R (4m—1—n)?

k’

while the profits of a brown firm are:

la —3cm+ 3m — Di]?
4m—-1-n?

n-m __

TR =

Following the procedure of the baseline model, the viability condition for the grand

green coalition is k € [0, k), with k, = 3(a — ¢)*/(3n — 1)*. Conversely, the grand

brown coalition is unstable for all £ € (0, kg ), where:

al2a(n(n + 6) — 3) = 3cn(n + 1)* + 2(n(n(3n + 4) — 9) + 61|
(n—=3)%n+1)?

3c(n + D?n[cn —2(n — Dnt] + (n(3n3 —Tn+ 6) - 6)t2

+ .

(n—3)2n+ 1)

kx

To determine the stability of the coalition, we derive profits of a deviating green
firm and a deviating brown firm, respectively:

womsl la=3cm=D+Gm—=d11* . 3la+(—c)n—m)—1?
= ¥4 = — k.
bR (4m —n —5) R (4m —n + 3)?

n—(m—1)
bR

established w.r.t. k. The condition for internal stability, ”:R - n;'};(m_l) > 0, holds for

k < kig, while the condition for external stability instead, nZﬁ”‘ > ﬂZRJr 1 holds for

k > kgg, where kig > kgg < t > max {0,?R}. The formal derivation of kg, kg and
7 can be found in the appendix. It follows that a grand green coalition holds for
t > max {0, T, I

Having outlined the conditions for stability and for the existence of a grand green
coalition, we are now able to check whether the grand green coalition may be indeed

Notice that, unlike the baseline model, the condition such that sz =7 can be
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optimal. The explicit analysis of green R&D allows us to model pollution abatement
as a function of the R&D effort. Differentiating social welfare, denoted here as SWy,
with respect to m and then fixing m = n, we get —= Al WR > 0 for all # > 5, where

both OSWR and 1, are formally derived in the appendlx It ﬁ)llows that the grand green
coahtlon is soc1ally efficient for all # > max {7, 1 }. Therefore, our analysis in this

section is robust to the introduction of explicit R&D effort.

5.4 Horizontal differentiation

In this section, we explore the case where goods produced by a type of firm are dif-
ferentiated to goods produced by the other firm type. The inverse demand function of a
green or brown firm are, respectively:

Peh = @ —mq, — yq,(n —m);py, = a — q,(n —m) — ymq,,

where y € (-1, 1] and subscript h stands for “horizontal differentiation”. Equilib-
rium quantities are:
_(@a=om+1-—m)—yla—1nn—-m)
en = (1=y)mn—m)+n+1
(m+ 1)a—-1t)—ym(a——c)
(1 —yz)m(n—m)+n+ 1

qph =

while equilibrium profits are:

[(@a—o)n+1—m)—ya—n-ml

m __

gh — —k

[(1 —72)m(n—m) +n + 1]2
[(m + 1)(a — 1) — ym(a — o)

n—m __
bh T

[(1 - yz)m(n -m)+n+ 1]2 ’

respectively.
The condition for which the grand green coalition is viable is k € [(_)lg ), where
= (a — ¢)*/(n + 1)?, while the green—brown coalition is stable for k < k;,, where:

— _[lc—a)+yn—Da-0P (a—1>
ky = - - N
(r2(n—1)—2n) (n+1)

The profits of a deviating green and brown firm are, respectively:

[y(m — 1)(a - ¢) + m(t — a)]?

n—m+1 __
bh -

ﬂ 2
[yz(m— D(m—n-— 1)+m(—m+n+2)]2

et __L@=0)n—m)+y@-nm-n+DP
P [t D0n = n+ )+ Gn+ 20— )]
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Fig.5 The stability region with horizontal differentiation

The condition for internal stability, z7, ™ — 7, - m+1 > 0, holds for k < ky,, while the

condition for external stability 1nstead "2 7r’"+1 holds for k > kg, where ky,
and kg, are formally defined in the appendlx. Note that ky, > kg, when both are posi-
tive. Figure 5 shows the results. The starred area between ky, and kg, is that wherein
the stability condition is satisfied. Both the critical thresholds of k become nil at
some m < n for all y € [-1, 1), and the intersections between kj,, J = E, I, and the
horizontal axis move rightwards as y increase towards one.

The special case in which firms sell full substitutes, which brings us back to the
initial setup, can be briefly given some additional attention. As soon as y = 1, the
expressions of the two critical investment levels simplify as follows:

! _n(t=ol2(a -1 = (t = c)2m = n)]
Eh (n+1)y7°

ky_)l nit—o)2a—c)— (@ —-c)(2m— n)]
(n+1)7?

so that ky_’1 - ky_>1 =2n(t—c)*/(n+1)>> 0 for all t>c. Now, observe that
ky_’1 =0in ¢ —t (but this, which would be true also for klyh_’ ' is excluded by
assumption from the very outset) and m = [2a — cn + t(n — 2)]/[2(¢t — ¢)], which,
in turn, is strictly increasing in n and must be at most equal to n. This happens at
A=2a—-1/(@t—c)>2forall a >2t—c > 0. This is the scenario, as illustrated in
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k

(2,0) n=n m

Fig.6 The stability region fory =1

Fig. 6. For instance, if a =1, ¢ =1/5 and r = 1/4, 7 = 30. Accordingly, kg:l =0
when m = n(= n). For the same set of numerical values, klyh_>1 =0atm=231,1ie.,
outside the admissible range.

5.5 Isoelastic demand

In this section, we investigate the conditions under which the baseline results hold
when the demand is nonlinear. To fix ideas, we focus on the case of isoelastic demand;
thatis, p;, = a/ [(n —m)p, + mpg]. For the sake of brevity, we will show the existence
of the range where a stable coalition exists. Equilibrium quantities are:

nw _am=Dlh-m-cn-m-1]

[(n —m)t+ cm]2

aln — D[t —m(t — ¢)]
[(n—m)t+cm

g-iso > 1 p-iso

where subscript iso stands for “isoelastic”. The profits of a green firm are:

m _alin=—m)—cn—m-1I"

griso [em + t(n — m)]?

k7

while the profits of a brown firm are:
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Fig. 7 The stability region with isoelastic demand

alt — m(t — m)?
[em +t(n — m)]z.
Following the usual procedure, the viability condition for the grand green coalition

iske[0,k, ), withk, =a /n?. Conversely, the grand brown coalition is unstable

for all k € (0, k_), where:

-iso

- ain =1’ =o)[t(n* = 1) —c((n = 2)n - 1)]
o n[c + (n — D)

To determine the stability of the coalition, we derive profits of a deviating green
firm and a deviating brown firm, respectively:

al(m—2)t — c(m — 1)]2

nfm+1 —

biso - retm = 1) + tn —m + D]
et altn—=m—1)—c(n—m—2))?
g-iso = —k

[com+ 1) +t(n —m — 1)]2

Notice that, as in the case with green R&D, the condition such that ﬂ:‘R =r
can be found on k instead of m. The condition for internal stability,

. — 2"V >0, holds for k < k;,,, and the condition for external stability,
eR — TpR iso
Ty > ﬂ;n;(l) holds for k > kg ;,,, where a formal definition of ky;, and kg, is
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given in the appendix. The range of stability is outlined in Fig. 7. Clearly, the incen-
tive to choose the green technology increases with lower investment costs.

We conclude the section by showing the conditions under which the grand
green coalition is also socially efficient. We follow the usual procedure: we dif-
ferentiate social welfare, denoted here as SW, , with respect to m and then fix

180°
m = n, by getting BV >0 for k < k* , where S and k7 are defined
om " iso om iso

m=rn m=n

in the appendix.

5.6 Quadratic cost

In the last extension, we assume that implementing the green technology entails
quadratic cost of production. In this case, the profit function of a green firm is
Ty = (p - cqu)qu — k,6 > 0, where subscript 2 refers to “quadratic costs”. Market
equilibrium is now represented by the following output levels and research effort:

m . a+t ., a(2c+m)—21(c+m)
2= 4c43m I (4c + 3m)(n — m)

The individual profits of green and brown firms are, respectively,
7[;"2 =(a+0*(c+m)/(4c+3m)P? —k and m, " = [a2c +m) = 21(c + m)|*/
[(4c + 3m)*(n — m)]. In this case, the viability condition for the grand green coali-
tion is k € [0,k,), k, = (a + 1)*(c + n)/(4c + 3n)*. Conversely, the grand brown coa-
lition is unstable for all k € (0, k,), where:

a*[4(c + Dn — (4c + 3)*] + 2at[4(c + Dn + (4c + 3)*| + £2[4(c + Dn — (4c + 3)?]

k
2 4(4c +3)%n

To determine the stability of the coalition, we derive profits of a deviating green
firm and a deviating brown firm, respectively:

_[aQc+m—1)=2t(c +m— DI

n—m+1

2T (de+3m—32mn—m+1)
ﬂm+1_(a+t)2(c+m+l)_
2 7 (4¢+3m+3)?

The condition for internal stability, ﬂ;"z - ”Zz_ (m=1) > 0, holds for k < kj,, whereas

the condition for external stability ;™ > 7[;';1, holds for k > kg, (see the appendix
for the formal derivation). Figure 8 shows the results, which are similar to those in
Sect. 5.5.

We finally investigate the conditions under which a grand green coalition is
socially efficient. Differentiating social welfare, denoted here as SW,, with respect

to m and then fixing m = n, we get BV, > 0 for all k < k*, where 222 and
om  |m=n 2 0i m=n

k; are formally defined in the appendix.
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(2,0) n m

Fig. 8 The stability region with quadratic costs

6 Concluding remarks

In this paper, we have examined the emergence of the Porter Hypothesis in a large
oligopoly where the adoption of green technologies is endogenously determined
as a result of competition among coalitions. In a baseline Cournot model and then
in several modifications and extensions, also including price competition, we have
identified the conditions on the two key parameters of the model, the emission tax
and the exogenous R&D cost of obtaining the green technology, under which the
grand green coalition is stable and generates a win—win solution. The conditions
emerge in equilibrium if the amount of the R&D cost is relatively contained. This
result validates the Porter Hypothesis in its strong formulation, i.e., the introduction
of an environmental policy may in fact increase firms’ profits. Notably, one of the
infinitely many tax policies delivering the win—win solution is the ex ante welfare-
maximising tax rate.

An important point is that our results did not rely on the standard assumption
on consumers’ environmental awareness. This shows that competition intensified by
regulation is sufficient to push green innovation and in turn profits. We hope that our
findings will inspire a new, sustainable design of industrial and regulatory policies.

Funding Open access funding provided by Alma Mater Studiorum - Universita di Bologna within the
CRUI-CARE Agreement.
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Appendix
Formulas of Section 5.1
Welfare maximisation with respect to m

Differentiating SW with respect to m, we get:

OSW, a*v(n —m) —a[c(3m2v+nv(n —4m)+n+ 2) +s(l+ v(—(3m2 —4mn + nz)) + An— 1)]
om |pmen (n+1)2 — (o

[C(—2m3v +3m*ny — mn(nv +2) +3) + (n + 1)2) + ms(v(Zm2 —3mn + nz) + 1) +An+ Ds(-2m+n+ 1)] —k=0,

for all

<= (s=0)c(n®+n—=1)+ A(n* = 1)s —ns| — alc(n+2) + s(A+ in — 1)]
=T (n+ 1) '

Welfare maximisation with respectto s

Differentiating SW with respect to s yields:

OSW, ma(—ﬂ +m?v = 2mny + n?v — An + 1)

ds (n+1)?2
mc[m3v - 2m2nv+m(—/1 +n’v—An+n+ 2) +UA-Dn+ 1)2]
* n+ 1)
—ms[m3v — 2m*ny + m(=2A + n®v = 2An + 1) + 2A(n + 1)?]
- (n+ 1y
=0,

for

al—A+vim—ny? - in+1]
2in+1D(m—-—n—1)+mvim—n)>+m
c[m*v =2m*nv + m(n>v — A+ D+ n+2) + (A= D(n+ 1)?]
2in+D(m—-—n—-1)+mvim—n)2+m ’

¥
S—Ss
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Formulas of Section 5.2
Choke prices
Comparing mz with n, we get:

k@n+ 12+ 17 =2n(n> + n+1)(c - Da@n +2) + c((n=3n = 1) — (P +n+1)i] 0
= >0

e n2(n? +n+ 1)t —c)?
2n(n® +n+1)[c2(n? =3n—1) = 2c(n — Dnt + (n® + n+ 1) + k@n + 1)*(n + 1)
> = - .
4= 4nn+ D(n2 +n+1)(c—1)
Comparing mgg with n instead, we get:
kQ@n+12m+1)3 —Zn(n2 +n+ 1)([—L‘)[a(4n+2)+c(n2 -n- 1) - (n2 +3n+ l)t]
Mg — N = >0s
4112(112+n+1)(t—c)2
2n(n® +n+1)[c*(n* —n—1) = 2cn(n+ Dt + (n* + 3n+ 1) + k@n + D*(n + 1)
a>agg = — .

4n@2n+ D(n2 +n+1)(c—1

Welfare maximisation with respecttom

Differentiating SW, with respect to m, we get:

OSW, 2nfa@n+ 12 (=2¢(n* + n+1) + n’t + 1)]
om |y (n+ )*2n+ 12
2n[cH(n(n(n(6 — (n — 3)n) + 8) + 5) + 1) + cn?(1 = 3n?)t + n(n + 1)*?|
(n+ D*Qn+1)2

B k(n+ 1)*Q2n +1)2 N
n+1D*Q2n+1)2 —

>

for all
h<k = 2nfa@n + 1?(=2¢(n® + n+ 1) + n?t + 1) + A6 — (1 = 3)n) + 8) + 5) + 1) + cn? (1 = 3n? )t + n(n + 1)*£2]
== (n+ 1*Qn+ 12 :

Derivation of aZ

Comparing % with k*, we find that %> k*fora > az, where:

An(n(n(s = 2(n — Dn) +7) + 4) + cn(n(n(nn — 5) — 8) = 9) — 6)t + (n + D(n(n(7n + 8) + 7) + 1)?
@n+1)(2en(n? +n+1) +nGn+ 2t +1) '

* —
a, =
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Formulas of Section 5.3
Stability conditions

The condition for internal stability, n;’l;"’ — ”ZEmH > 0, holds for k < ki, where:

jo = Slatcm—n— D+t —m)*(@m —n—5) — [a—3cm — 1) + B3m — D> (4m — n — 1)?
R Am—n— 1) @dm—n— 5y :

The condition for external stability instead, ﬂzlz’” > ﬂgg ! holds for k > kgr, Where:

3la+(c—Dm—n)—12@m —n—1)? —[a - 3cm+ Bm — D> (4m — n + 3)°
(4m—n+32@m—n—-1)»> '

kER

The range in which the coalition is stable exists if kg > kgg < ¢ > max {0,7; },
where:

1

R = X
R = 38amt — 32m3(15n+ 11) +241112(9n2 +26n — 15) - 6m(7n3 +41n2 —3n— 37) +3n* +28n3 + 1802 — 132n+ 3

[2a(64m’ — 48m*(n + 5) + 12m(n* + 10n +9) —n® — 150> = 27n + 51) +

3c(128m* — 160m> (n + 1) + 8m* (9% + 301 +5) — 2m(7n’ + 45n% + 370 — 1) + n* + 10n® + 160> — 26n — 33)].

Welfare maximisation with respect to m

Differentiating SWy, with respect to m yields:

0SWy al3c¢Bn+2)(5n+ 1) —2a*(15n + 1) + [3(5 — 12n)n — 1]
om |yey Gn—1)3
=3c2[B3n[nBrn+2) + 2]+ 1]+ 3cn(9n2 +3n— 2)t —k(Bn —1)>
" Gn—1)3
20,

forallt > t;, where:

_ @*(30n+2) = 3ac(Bn+2)(5n + 1) + 3¢*[3n[n(3n + 2) + 2] + 1] + kBn = 1)°

t*
R Bn — D[3cn(Bn +2) +a — 12an]

Formulas of Section 5.4
Stability conditions

The condition for internal stability, n;‘; m_ n'Z}: m+l > 0, holds for k < ky,, where:

[(@a—c)m—n—1)—yla=Dm-n]’ [y(m — (@ —c) +m(t — a)]

kyy = 3 =
[(r2 = 1)m(m —n)+n+1] [r2m = D(m —n— 1)+ m(=m + n +2)|
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The condition for external stability instead, 7, ™ > n'm+] holds for k > kg, where:

o = [@a=—cm—m)+y(a—t)(im—n+ 1)] [yma—c)+ (m+ 1)t — a)]
Eh = -

[P+ Dm—n+D+m+2n-m]>  [(2=Dmm-m+n+1]>

Formulas of Section 5.5
Stability conditions

The condition for internal stability, 77 — ﬂZl;(m_l) > 0, holds for k < k;_,,, where:

alcm —n+ 1)+ t(n — m))? B a(c(=m) + ¢ + (m — 2)1)?
(cm + t(n — m))? (cm—=1) +t(=m+n+1)>2

kl—iw =

The condition for external stability instead, z,;~"" > zr’”“ holds for k > kg_;,,

where:

alcm—n+2)+t(-m+n—1)2  alecm—mt + 1)?

Koo = D tem DR em+ fn—m)?

Welfare maximisation with respectto m

Differentiating SW,, with respect to m yields:

a*(n— 1)*(v=1)(c—1) —ac(n — 1)[cz(n —Dn+ c(2n - nz)t] - kn? 0
= o3 =

OSWi,
om

m=n

fork < ki , where:

_an- Dfa(n — D = D(c = 1) + nlc(-n) + ¢ + (n — 2);)]

c3n3

iso -

Formulas of Section 5.6
Stability conditions

The condition for internal stability, ﬂ'” - zrn_(m_l) > 0, holds for k < k;,, where:

(4c +3m)*(@QRc+m—1) = 2t(c + m — 1)) + (a + )*(c + m)(4c + 3m — 3)*(m — n — 1)
(4c +3m — 3)2(m — n — 1)(4c + 3m)?

kyp =

The condition for external stablhty, ” m > 7:’”“ holds for k > kg,, where:
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o = (ac +m) = 2t(c + m))*(4c 4+ 3m + 3)* + (a + 1)*(c + m + 1)(dc + 3m)*(m — n)
B2 (4c + 3m)2(m — n)(4c + 3m + 3)? '

Welfare maximisation with respecttom

Differentiating SW, with respect to m yields:

oSW, _ —4c(W(a — Dla + 1) + 36kn) + cn(—(a + H)(=2v(t — 2a) — 5(a + 1)) — 108kn) — 64’k — 27kn? >0
om | =y - (4c + 3n)’ -

for all k£ < k’zk, where:

= cla+ D)[2v(t2c + n) — 2a(c + n)) + 5n(a + 1)]
2o (4c + 3n)? '
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