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Abstract This paper investigates the effect of trade union structure on firms’ technological
choices when unions care about environmental protection. We compare a decentralized with
a centralized union structure in a Cournot duopoly. Our results suggest that a decentralized
structure provides higher incentives for the investment in cleaner technologies, although
emissions may be lower under a centralized structure. The effect of the environmental damage
parameter on wages and output may be non-monotonic.
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1 Introduction

An increasing number of studies recognize that unions may be strongly motivated by envi-
ronmental concerns. As Obach (1999) reports, ‘Starting with the wave of environmentalism
that began in the late 1960s, we see that a number of unions were supportive of this environ-
mental mobilization’. Moreover, according to Silverman (2006), ‘Union environmentalism is
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based in the particularist purpose of unions to protect members and in their more-universalist
purpose to promote class mobilization based on solidarity’.

There are many examples of trade unions’ environmentalism and alliances between trade
unions and environmental groups to target common objectives. For example, Obach (1999)
reports the case of the Wisconsin Labor-Environmental Network, which was a coalition
between trade unions and environmental groups during the 1980s and 1990s, as well as other
examples involving unions such as United AutoWorkers and Oil, Chemical and Atomic-
Workers.! Bonanno and Blome (2001) documented a case where a coalition between trade
unions and environmental groups was established as a reaction against the degradation of
the Headwaters forest in Northern California.” Other examples involve unions such as the
United Automobile Workers, United Steel Workers of America or United Mine Workers (see
Dewey 1998; Rose 2004; Mayer 2009; Gordon 1998).3

Interestingly, at an international level, organizations like the United Nations or the Inter-
national Trade Union Confederation also cooperate to achieve environmental sustainability.
An important outcome of this type of cooperation is the joint document by the International
Labour Organization and the United Nations (in its Environmental Program) entitled ‘Labour
and the Environment: A Natural Synergy’.# It is also relevant to note that the International
Trade Union Confederation regularly takes part in initiatives such as the United Nations Con-
ference on Sustainable Development (so called Rio+20) and in other initiatives pertaining
social justice and environment, sustainable development etc.d0

From an economic perspective, the environmental concerns and activities of trade unions
raise important questions about the effects of trade unions’ behavior on firms’ technological
choices, output and pollution levels. For example, how do trade unions react to pollution
given that workers participate and therefore benefit from production but at the same time are
harmed by pollution, which is a by-product of production? Or what is the effect of unions’
environmental concerns on wages, production, pollution and profits? And finally, which union
structure induces more investment in cleaner technologies and lower emissions levels? The
aim of this research is to shed some light on these issues.

1 Obach (1999, p. 51) “The United AutoWorkers union was one of the sponsors of the first Earth Day in 1970,
which served as a springboard for a number of environmental groups at the beginning of the decade. Other
international unions, such as the Oil, Chemical and AtomicWorkers, formed links early on with those in the
environmental community and engaged in mutual support efforts (Truax 1992)” cited in Obach (1999). For a
theoretical analysis on the relationship between labor and environmental groups with more case studies and a
further literature review see Obach (2002, 2004).

2 Particularly, p. 377 “In May of 1999, labor unions and environmental activists created the “Alliance for
Sustainable Jobs and the Environment”, whose primary objective was to demand that Maxxam, a Houston
based corporation, was held accountable for its questionable environmental and labor practices. The Alliance
included various environmental groups, such as Earth First!, Sierra Club, Earth Island Institute, Worldwatch
Institute, Friends of the Earth, Institute for Agriculture and Trade Policy, Rainforest Action Network, and
Labor unions such as the United Steelworkers of America, The Newspaper Guild Communications Workers
of America, and the American Federation of Government Employees”.

3 For Australian examples see Snell and Fairbrother (2010).
4 Available at http://www.unep.org/labour_environment/PDFs/UNEP-labour-env-synergy.pdf.
5 http://www.ituc-csi.org/rio-20.html (date of access 16 Sept 2012).

6 See for example the United Nations Environmental programme (http://www.unep.org) date access 23 Mar
2013. Silverman (2004) provides evidence on the participation and involvement of the International Confeder-
ation of Free Trade Unions, the International Trade Secretariats (Global Union Federations) and the European
Trade Union Confederation “...in a variety of international conferences and institutions such as the 1972
Stockholm Conference on the Environment, the 1992 Rio Earth Summit and the 2002 Johannesburg World
Summit on Sustainable Development”.
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It is relevant to note that the effect of the trade union structure on firms’ technological
choices is an important topic of research in labour and industrial economics.” However, nei-
ther the empirical or the theoretical literature has given clear-cut results about the effects of
unionization on firms’ technology, innovation or R&D. For example a strong negative rela-
tionship between unionization and innovation has been reported in North America whereas
no studies have confirmed this result in a European context (e.g. Menezes-Filho and Van
Reenen 2003).

Following recent theoretical studies on oligopoly, union structure and innovation, we
compare firms’ technological choices in the case of a decentralized union structure (that is,
an independent union for each firm) with those in a centralized union structure (that is, an
industry-wide union). Our main point of departure from the previous literature is that we allow
the trade unions to have environmental concerns and behave accordingly. To the best of our
knowledge, this has been neglected in the literature so far, despite the empirical evidence and
the relevance of this issue for environmental economics and policy.® Specifically, we include
pollution in the objective function of the union, so that to reflect the fact that unions will
not only take into account wages and output when bargaining with firms, but also pollution
levels. Our results indicate that the decentralized union structure provides higher incentives
for firms to adopt cleaner technologies. Wages are higher and output is lower in the case of a
centralized union. Firms prefer the decentralized union structure (because it allows them to
obtain higher profits), although unions may prefer the centralized structure, in particular if
the environmental damage parameter is not too high. Furthermore, emissions levels will be
lower (higher) under the centralized structure for relatively small (large) market sizes.

In the next section, we review the literature on unionization and firms’ incentives to invest
on innovation.

2 Theoretical Background and Relevant Literature

The literature so far has focused on the effect of unionization and union structure on firms
incentives to invest in innovation. In this section, we provide a review of this literature, which
as noted earlier has abstained from any environmental considerations. A seminal contribution
on the issue of unionization and innovation incentives is Ulph and Ulph (1989), who model
a duopoly engaged in a patent race for a labour-saving technology. They show that the
strength of the union and the timing of the firms-unions negotiations could affect negatively
firms’ incentives to investment on R&D. In a similar study, Ulph and Ulph (1994) compare
the Right to Manage model (bargaining over wages, while the firm decides employment
levels) with Efficient Bargaining (bargaining over both wages and employment). In both
these contributions, the unions are assumed to be decentralized.

Tauman and Weiss (1987) examine the effect of unionization on firms’ decisions to invest
on a labour-saving technology in the context of a patent race, where only the workers of one
of the firms are unionized. The authors show that the firm whose workers are unionized has
more incentives to invest in the labour-saving technology in order to defend itself against the
higher costs (higher wages) set by the union.

7 For some references see Ulph and Ulph (1998), Dobson (1994) and for surveys, see Menezes-Filho et al.
(1998) and Menezes-Filho and Van Reenen (2003).

8 The interaction between the application of environmental policy and unionisation has been considered in
Stavins (1998) and Fredriksson and Gaston (1999), for example. However the literature has mostly focused
on the case where unions opposed to the environmental policies under the threat of higher unemployment.
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More recently, the literature has turned its attention to the effect of unionization structure
on innovation incentives. For example, Calabuig and Gonzalez-Maestre (2002) compare the
incentives to adopt a new technology provided by two unionization structures (centralized and
decentralized). They conclude that a centralized union may provide stronger incentives for
innovation, particularly of the market size is small. In the context of a patent race, Haucap and
Wey (2004) compare the incentives to invest in innovation to reduce labour-costs across three
possible union structures: A centralized union which sets a uniform wage, a decentralized
union and the case where the union is centralized but sets different wages to each firm (this
is the case of coordination, as labelled in their paper). Moreover, decentralization delivers
the highest while centralization delivers the lowest levels of employment. According to their
results, innovation incentives are non-monotonic in the degree of the centralization.

Manasakis and Petrakis (2009) examined firms’ incentives to invest in cost-reducing R&D
(in a non-tournament model) across different union structures. Two scenarios are consid-
ered: R&D competition and R&D cooperation. In the first case, their results indicate that
if spillovers are low, the centralized union (with a uniform wage) encourages more R&D
investment than the decentralized structure. In contrast, in the case of cooperation, the incen-
tives to invest on R&D are always higher under the decentralization structure than under the
industry-wide union (centralized).

As discussed before, the literature so far has studied the effect of unionization and union
structure on firms’ incentives to innovate, absconding from any environmental considerations.
In this paper, we aim at covering (at least partially) this gap, by allowing unions to have
environmental concerns. In particular, we introduce pollution into the utility function of the
union. The rationale behind the inclusion of this additional element is that either the union
cares about the environment (and internalizes the negative effect of pollution) or that the
union cares about the impact of pollution on the health of unionized workers,’ or even a
combination of both. We analyze the effect of union structure on the incentives of firms to
invest in an environmental technology in a non-tournament setting. We will focus on the case
where both firms are unionized and will compare two different structures (centralized and
decentralized). In the extensions section, we will also consider the case where a centralized
union sets a uniform wage across firms.

The rest of the paper is structured as follows: In Sect. 1, we introduce the model. In
Sects. 4 and 5, we solve respectively the cases with a decentralized and a centralized union.
In Sect. 6, we compare the equilibrium outcomes across the two cases. Section 7 presents
three extensions (centralized union structure with a uniform wage, and Cournot and Bertrand
competition with product differentiation). Section 8 concludes.

3 The Model

We consider a Cournot oligopoly with two unionized firms indicated by i, j = 1,2 with
i # j producing a homogeneous product facing an inverse demand function p = a —¢q; —gq;
where a > 0 is a related to the size of the market (a larger a implies a larger market). Firms

transform labour into output, using the production technology ¢; = L; where ¢;, L; are
firm i’s levels of output and labour respectively.'® w; is the wage rate per unit of labour.
Production is polluting with firms’ emissions given by y; = k;q;, where k; € (0, 1] is

9 For example, emissions from a given firms’ production could influence negatively the health of the firm’s
workers, due to higher concentration of pollutants in the local environment.

10 This modelling implies that there are constant returns to scale, which is a usual assumption in bargaining
models (Manasakis and Petrakis 2009; Petrakis and Vlassis 2004). An alternative modelling could be a
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the emission intensity of firm i. Firms have at their disposal a continuum of anti-pollution
technologies which allow them to effectively choose their emission intensities k;.!! A cleaner
technology (or a technology which is more efficient against pollution) is associated with a
lower k.2 The technology costs are given by F; = y (1—k;)? withy > 0. This implies that the
adoption of cleaner technologies requires higher (fixed) costs and that there are diminishing
returns to investment in technology. The parameter y simply scales up the differences in the
adoption costs between two different technologies. Hence each firm’s cost function is given
by C; = w;q; +y(1 — k;)2. Therefore, firms’ profits are

mo=(a—qi —q)qi —wigi —y(1 —k;)? (1

The union sets the wage level to maximize its utility while firms choose the level of
output (and therefore employment) to maximize profits.'> When the trade union does not
care about the environment, its utility function is typically assumed to follow a Stone—Geary
equation U; = (w; — w,)L; where w, is the reservation wage (that is, the wage that the
workers could gain in a competitive industry). This utility function implies that the union of
workers in firm i cares both about the level of the wages and about the level of employment
in firm i.'* In our paper, we assume that unions also care about environmental quality (or
about the health of unionized members, which could be harmed by pollution). Hence, we
introduce environmental damage as an additional term into the trade union’s utility function.
The environmental damage derived from firm i’s emissions is given by D; (y;) = ey;, where
e > 0 is the marginal damage from pollution (e.g. the environmental damage for each
tonne of CO,).!> The parameter e can also be interpreted as the relative strength of the
environmental preferences of the union (that is, a higher ¢ would imply that the union is
more environmentally oriented). To guarantee positive output, we impose a > e. All in all,
the trade union’s utility function becomes U; = (w; — w,)L; — D = (w; — wy)L; — eyi.]6
Given that y; = k;¢; and that firms use one unit of labour to produce one unit of output
(¢i = L;), we can rewrite U; as:

Ui = Li(w; — (w, + ek;)) ()

Footnote 10 continued
quadratic relation like ¢; = %Lz where parameter a represents the level of the technical efficiency (e.g.
Menezes-Filho etal. 1998). However, for tractability reasons we favour the constant returns to scale assumption.

11 We assume the absence of a technology which can eliminate completely emissions from production, that
is kl' > 0.

12 The technology could be a (i) production technology, therefore any change in the technology could influence
the level of the production or (ii) an environmental technology without any direct relation to production. For
example the number of the filters in a refinery’s pipe for CO, reduction or ‘scrubbers’ to remove of SO; from
a fuel gas coal fired electric plant. For references on the latter see Keohane (2002), Chao and Wilson (1993)
and Srivastava et al. (2001).

13 This is the so-called Monopoly Union model (Dunlop 1944; Oswald 1982; Petrakis and Vlassis 2004),
which is a special case of the Right to Manage model (see Nickell and Andrews 1983; Espinosa and Rhee
1989; Booth 1995; Lopez and Naylor 2004 and Mukherjee 2008), where the union has full power to set wages
while the firm has full power to choose the level of employment.

14 Another usual assumption is that all workers are unionised, homogeneous and have equal opportunities to
be employed (e.g. Oswald 1985).

15 The linear damage or constant marginal damage function has been widely used in the literature. For example,
see Kennedy (1999), Kennedy and Laplante (1999) and Requate (2005).

16 One could consider that union members have a mission—oriented characteristic which is environmental
protection and press the firm to adopt a less polluting technology (Besley and Ghatak 2005).

@ Springer



170 E. Asproudis, M. J. Gil-Molté

Interestingly, if unions are environmentally concerned, workers’ reservation wage is wo +
ek;. Thatis, the opportunity cost of working is increasing in the externality produced by work.
Hence, the higher the environmental damage (e) is or the more polluting the technology used
by firm (k;) is, the higher the wage that the union will demand to compensate for the disutility
caused by pollution. Following Lommerud et al. (2005) and Mukherjee et al. (2008) we set
w, = 0 for the sake of simplicity and without loss of generality.

We will solve our model under two possible unionization structures: First, a decentralized
structure, where workers are unionized at firm level. That is, there are two unions, one for each
firm. Each union chooses w; to maximize U; = L;(w; — (w, + ek;)). Second, a centralized
structure, where workers in both firms are members of the same union. That is, there is only
one union. In this case, the union chooses wages to maximize the sum of utilities derived
from wages and employment across firms: U = >_(w; — w,)L;. We will use superscripts D
and C respectively to identify the outcomes of the decentralized and centralized structures.

As in Haucap and Wey (2004), our timing is the following: Firms choose technology in the
first stage. In the second stage, wages are set by the unions (union). In the final stage, firms
decide on production (and employment). In all stages, decisions are taken simultaneously.
We impose that 2 < 9y, so that to guarantee an interior solution in the technology choice
stage in both cases. Then, we can anticipate that the SOCs for maximization are fulfilled in
all the stages. We solve the game by backwards induction to find the subgame perfect Nash
equilibrium solutions. All proofs to lemmata and propositions are relegated to the appendix.

In stage 3, firms simultaneously choose ¢; (and therefore L;) to maximize profits, given
the outcomes in the previous stages. The solutions to this final stage are therefore common
to the two cases. Applying the First Order Condition (FOC henceforth) for maximization
and solving the system, we obtain the Cournot—Nash equilibrium output and employment
levels:!’

a—2w; +w;
o€ =L =gP =P = T2UEY ®

Note that firm i’s equilibrium output (and consequently, employment level) is decreasing in
the own wage ( gl‘l{’i < 0) but increasing in the rival firm’s wage ((;’u)"j > 0). A higher wage
implies a higher marginal cost of production. It follows that while the own wage (that is, the
own marginal cost) will affect negatively firms’ own output, the competitor’s wage (that is,
the competitors” marginal cost) will affect it positively. Moreover, the equilibrium output,
and therefore the employment level, is also increasing in the size of the market (% > 0).
That is, the larger the market is, the more firms produce and therefore, the more workers they
hire.

In the next sections we will solve stages one and two for the two cases (decentralized and
centralized union structure).

4 Decentralized Unions
4.1 Stage Two: Unions Set Wages
In stage two, the unions simultaneously set the level of the wages to maximize utility, U; =

w;L; — ey;. After substituting the equilibrium level of employment, the utility function
becomes

17 The SOC for maximization in this stage is met since azni/aql? =-2<0.
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a—2w; +w;j
Ui = (w;i — ek;) (%) “
Applying the FOCs for maximization (gwj = 0), we obtain'®

au; 1

= ~(a +2ek; —4w; + w;) =0. 5)
8w,~ 3

Note that 33}2%‘) > 0; that is, wages are strategic complements. As in Petrakis and Vlassis

Jj

(2004) if the union j sets higher Wages the level of the output of firm j will decrease

(3 < 0) but firm i will produce more ( o induces union i to set higher wages

to ﬁrm i when the rival firm deals with hlgher wages from the union j.
Solving the system of FOCs, the equilibrium wages for each firm are given by:

l

wl — %(Sa + 2e(4k; + k))). ©)

Thus, the wage level for each firm depends positively on how polluting not only the own
but also the competitor’s technology choices are, as long as e > 0. The effect of the own
technology choice on the equilibrium wage is clear: The more polluting the technology used
by firm i is, the higher the reservation wage of workers in firm i will be, which will push
the wage level set by union i up. The same logic applies to firm j (a higher k; leads to a
higher w ;). However, the increase in w; will have an additional indirect effect on the w;. An
increase in w; makes firm i relatively more competitive. As a consequence, the union will
demand a higher wage from firm i. This explains why the equilibrium wage level in firm i
depends positively not only on the technology chosen by firm i but also on the technology
chosen by firm j, even though the emissions produced by firm j do not directly feature in
union i’s utility function. The following lemma summarizes this result:

Lemma 1 Inadecentralized union structure, the wages set by the unions to each firm depend
positively not only on the technology choices by that firm (Bwl.D /0k; > Q) but also on the
technology choices by the competing firm (BwiD/Bkj > 0).

4.2 Stage One: Firms Choose Technology

In stage one, firms simultaneously choose k; to maximize profits. After substituting (6) into
(3), we obtain

D — 0—25 Tek; + 2ek 7
9 =L’ = 5 (5a —Teki + 2ekj). @)

Note that, other things being equal, each firm produces more when it uses a greener technol-

technological choices. As we have shown before, when firms adopt greener technologies, the
unions will set lower wages. This leads to lower labour costs, which in turn induce firms to
produce more and hire more workers.

Substituting qiD and wiD into (1), we obtain

5 2
niD = (E (5a — Tek; + Zekj)) —y(1 —k)? ®)

18 The SOC for a maximum if fulfilled: 2 = —4/3.
l
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amP .
= 0) and solving the system, we

Applying the first order conditions for maximization (

obtain firms’ equilibrium technology choices'®

WD — 405y — 28ae

e S— 9
! 405y — 28e2 ©)

.. . . . . kP .
It is interesting to note that kiD is decreasing in the size of the market (- < 0); that is,
other things being equal, firms tend to invest more in greener technologies when the size of
the market is larger. The intuition is that the larger the market is, the more firms produce

3q.D
(e

> 0). This, in turn, makes the investment in cleaner technologies more profitable. In

.. D . . . . . . .
addition, k;” is decreasing in the parameter . As usual, higher adoption costs (higher ) will

D
discourage the adoption of cleaner technologies (aak L > 0).

After the necessary substitutions, the equilibrium levels of output and emissions are given
by

90(a —e)
gP =LP =27 (10)
405y — 28e
90(a — e)(405y — 28ae)y
W= 55 (11)
(405y — 28¢?)

. . . . . ayP
Interestingly, the derivative of the emissions with respect to the size of the market %

may be positive or negative depending on the size of the market, a. Specifically, there is a

.. . 2 . . .
critical value of the size of the market aCDU = % before (beyond) which emissions

are increasing (decreasing) in the size of the market. The intuition is straightforward if one
considers the effect of the market size on emissions. Recall that firms’ emissions are given
by yiD = kiD qiD , where both kiD and qiD are functions of a. In particular, a has a positive
effect on emissions through output (ql.D is proportional to output) but it has a negative effect
through the technology choice (higher a means lower kiD ). This second effect will outweigh
the firms effect for large enough values of a. In fact, the total effect of a on emissions is given
by:

M — P aqP kP

=k : 12)
da ' da da
dqf _ 90y kP _ 28 D)
where Ba = m > 0 and a — —m < 0. Hence, ki 3 > 0 and
kP . L . .. . .
: a;l l.D < 0. As kiD is decreasing in a while output is increasing in a, it follows that the

D D
negative effect (3;(; qiD ) will outweigh the positive effect (kiD 8;1;' ) for sufficiently large

values of a. Thus, the relationship between emissions and market size follows an inverted
U-shape.?” The following lemma summarizes this finding.

Lemma 2 [n the decentralized case, the relationship between the level of pollution and the
size of the market follows an inverted U-shape. The value of a which makes yiD reach its

D __ 28¢2+405y

maximum is a,,, = =g,

211
19 The SOC is 83knzl < 0 for any e and y such that e < 9y. Hence the conditions for a maximum are

fulfilled. '

20 1t is intuitive and straightforward to check that as e increases, yiD decreases.
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For completeness, we compute the equilibrium profits, wages and union’s utility levels,
by substituting kiD :

D _ 4(a — e)2(2,025y — 196e2)y

. 13
i (405y — 28¢2)2 (13)
1 2¢)y — 28ae>
WP — 35(a + 2e)y 8ae (14)
i 405y — 28¢2
12,150(a — )22
yp = 20—y (15)

! (405y — 28¢2)2

Before concluding this section, it is relevant to analyze the effect of the environmental
damage parameter on both the equilibrium level of output and wages. The following result
summarizes.

Proposition 1 In the decentralised case, the following holds: i. If a? < 14.46y, wiD is

iD is initially increasing and

then turns decreasing in e, while the opposite applies to qiD . The critical value of e which

increasing while qiD is decreasing in e. ii. If a®> > 14.46y, w

makes wiD and qiD reach their maximum and minimum respectively is e? = 1—14(1411 —

cv
V12842 — 405y ).

The intuition behind this Proposition is as follows: A more serious environmental damage
(higher e) induces the unions to demand higher wages (see Eq. 6), due to the higher reser-
vation wage. As labour costs increase, firms hire fewer workers, produce and invest more
in cleaner technologies. This will eventually lead to a reduction in the reservation wage of
workers and therefore to a lower wage in equilibrium, which will induce firms to raise their
production levels again. So that the turning point in wages and output arises, it is necessary
that the technology costs are low relative to the size of the market (specifically a > 14.46y).
Otherwise, firms will keep reducing output.?!

5 Centralized Unions
5.1 Stage Two: Union Sets Wages
With a centralized unionization structure, there is only one union which sets the wages for

both firms. Hence the utility function of the union is given by U € —wiLi+w iLi—e(yi+yj).
Substituting the equilibrium levels of employment into the utility equation and applying the

FOCs for maximization yields:?>
auec 1

21 Proposition 1 depicts two possible scenarios. In scenario i, the technology costs (y) are high relative to the

size of the market (a). Hence, it is comparatively cheaper for firms to reduce pollution by reducing output. In

contrast, in scenario ii, the technology costs are low relative to the size of the market. Thus, firms have stronger

incentives to invest in cleaner technologies (hence, the equilibrium & ID will tend to be lower in this scenario).

2?uc _
dw?

22,,C 2,,C 527,C
22 The SOC for a maximum are fulfilled since ()L = —4/3 and (%)2 — 0. 0°U =
- we
1

dwf E)wl- Bwj- -

(—4/3)2 —4/3 =4/9 > 0.
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After solving the system of FOCs, we obtain the equilibrium wages
c 1
w; = E(a + ek;) (17)

Note that, as in the decentralized case, the wage set to firm i depends positively on firm
i’s technology choice (since this increases the reservation wage of workers, through the
emissions caused by their work). However, in contrast with the decentralized case, w; does
not depend on the technology choice by firm j. The reason for this is that the union maximizes
its utility across the two firms and is therefore able to internalize the effect originated from
the competition between the two firms.

Lemma 3 In a centralized union structure, the wages set by the unions to each firm depend
positively on the technology choices by that firm (0 wl.c /0k; > 0) but are independent of the
technology choices by the competing firm (awf/ak_, =0).

5.2 Stage One: Firms Choose Technology

In this stage, firms simultaneously choose k; to maximize profits. After substituting (17) into
(3), we obtain

1
gi =Li = ¢ (a—2eki +ek;). (18)

As in the case of decentralization, the equilibrium output (and employment) is decreasing in
k; and increasing in k ;. Substituting qic and wic into (1), we obtain

2
rrl.c = (é(a — 2ek; + €kj)) —y(1 —k)? (19)

The FOCs for maximization are:

ant 1 )
ok, = 6(—ae — 18y (ki — 1) +e“(2k; — kj))
Solving the system of FOCs, we obtain firms’ equilibrium technology choices:>3
18y —ae
kC = 20
! 18y —¢2 @0

Like in the decentralized case, firms’ technological choices less polluting the larger the

market is (a < 0). Again, higher technology costs will discourage the adoption of cleaner

ki
da

o C
technologies (aak)i > (). Substituting kic into ql.c and yic yields
4 = 3(a—e)y
! 18y — €2
y.C _ 3(a —e)(18y —ae)y
! (18y — ¢€2)?

As in the case with a decentralized union structure, the equilibrium level of emissions follows
an inverse U-shape in the size of the market. As explained in the case of decentralization,
two effects are at play: A higher a leads to higher output but also to the adoption of a cleaner

. 9?nf - .
23 The SOC is akzl < 0 for any e and y such that e < 9y. Hence, the conditions for a maximum are

fulfilled. '
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technology. It turns out that for large enough market sizes, firms will produce more but using
a less polluting technology, yielding lower pollution levels.>*

Lemma 4 In the centralized case, the relationship between the level of pollution and the
size of the market follows an inverted U-shape. The critical value of a which makes pollution
d . . . C _ e2+18y
turn decreasing in a is a;,, = —5,~.
After the necessary substitutions, the equilibrium levels of wages, the utility of the union
and firms’ profits are

N2 2
nC—(“ ) Oy —e)y

L 18y —e?)? @D
9(a + e)y — ae?
wC = 18;/—:2 (22)
¢ _ Sa—o?y? 23)
(18y — e?)?

To conclude this section, we wish to study the effect of the environmental damage para-
meter on wages and output (employment). We can establish the following:

Proposition 2 In a centralised case, the following holds: (i) If a> < 18y, wic is increasing
while ql.c is decreasing in e. (i) If a*> > 18y, wic is initially increasing and then turns
decreasing in e, while the opposite applies to qic. The critical value of e which makes wiC

and ql.c reach their maximum and minimum respectively is ¢S, = a — \/a? — 18y.

cv

As in the case with decentralization, wages initially increase and output initially decreases
in the environmental damage parameter. However, after a certain point, the wages may start
declining and output start increasing. As explained before, a more serious environmental
damage (higher ¢) induces the union to compensate for the negative effects of pollution with
an increase in the wage through a higher reservation wage (see Eq. 17). As a consequence,
firms will produce less given that their labour costs go up (they hire fewer workers). After a
certain point, when production is very low, the union will decrease the wage rates to induce
firms to hire more workers. This will then lead firms to raise their production levels again. So
that the turning point in the wage and output levels arises, it is necessary that the technology
costs are low relative to the size of the market (a> > 18y); otherwise, firms will keep reducing
output.

6 Comparisons

In this section we compare the equilibrium results across the two unionization structures.

6.1 Output, Employment and Wages

Comparing the equilibrium levels of output and wages across the two structures, we can state
the following result:

24 As in the case of decentralization, it is intuitive and straightforward to check that as e increases, yic
decreases.
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Proposition 3 Comparing a centralized union structure with a decentralized union structure,
we can establish the following: qiD > qic (and therefore LiD > Lic) wic > wP

B

Proposition 3 states that the equilibrium levels of output and employment are higher
while wages are lower under the decentralized structure than under the centralized structure.
A more powerful union (centralized) union will be able to set higher wages. Thus from
the point of view of the employed workers, a centralized union is preferable (wic > wl.D ).
However, a higher wage level in the case of centralization will inevitably induce firms to
reduce employment and to produce less (qiD > ql.c and LiD > L[C).

6.2 Technology Choices and Emissions

Next, we compare both structures in terms of technology choices and emissions. In terms of
technology choices, we can establish the following result:

Proposition 4 Comparing a centralized union structure with a decentralized union structure,
we can establish the following: kic > kiD .

The above proposition states that under a centralized unionization structure, firms choose
more polluting technologies than in a decentralized structure. As firms anticipate that a more
powerful union structure is more able to obtain the rents associated with lower emission
damage (by increasing the wage), they are less interested in investing in cleaner technologies.

In terms of emissions, the following can be stated:

Proposition S Comparing a centralized union structure with a decentralized union structure,
we can establish the following: in < yiD ifa < a‘’ and yiD < yic ifa > a‘’, where a®’ =
35y A/eB with A = (501.6y% — ¢?(e? + 14.86y)) and B = (¢*(e> — 135y) + 1,930.9y2).

The above proposition implies that the effect of the unionization structure on the level of
pollution depends on the market size.>> Note that shifting from a decentralized to a centralized
structure affects positively emission intensities k (Ak = kl.c —k iD > () and negatively output
(Ag = qic — qiD < 0). The combination of these two effects will result in higher (lower)
emissions in the case a centralized structure when the size of the market is relatively small
(large). To illustrate the intuition for the above result, we can approximate the overall effect
on pollution from the move to centralization by Ay &~ kAg +q Ak where k Aq is the negative
direct effect associated to lower output while ¢ Ak is the positive indirect effect associated
to a more polluting technology in a centralized structure. Note that in equilibrium, output is
increasing in a while the emission intensity is decreasing in a. Hence, it is easy to see that the
direct negative effect can only outweigh the positive effect for relatively small market sizes.

6.3 Firms’ Profits and Unions’ Utility

Next, we compare profits and union’s utility in equilibrium. We can state the following:
Proposition 6 Comparing a centralized union structure with a decentralized union structure,
we can establish the following: (i) niD > nl-c and (ii) U¢ > > UiD if e < 3.41y and
U°€ < ZUiD ife? > 3.41y.

As stated in Proposition 3, firms produce less with centralization. Although lower pro-
duction would imply a higher price in the final market, the higher cost of production (due

25 This general result is illustrated with some numerical examples in the “Appendix”.
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to the higher wage level with a centralized union structure) outweighs this effect. Overall,
firms’ profits are lower with a centralized than with a decentralized union structure. That is,
niD > nic.

On the other hand, the decentralized union structure offers a higher level of aggregate
utility to the unions if the environmental damage parameter is large enough. Note that, in
general, the centralized structure allows unions to set higher wages. However, the unions
do not only care about wages (and employment) but also about the environment and firms
invest more in cleaner technologies in the decentralized case. If the environmental damage
parameter is relatively low, the unions reach higher levels of utility with a centralized structure
(in this case, the environmental damage is a relatively less important component of the utility
function of the union). Hence, the unions prefer one, single and centralized structure in those
circumstances rather than two separate unions (U¢ > > U iD ), while the opposite applies to
firms. When the environmental damage parameter is relatively large, emissions carry a greater
weight in the utility function of the union. In this case, the union obtains higher utility with a
decentralized structure (U€ < >U iD ). Hence, when the environmental damage parameter
is large enough, the preferences of the firms and the unions (in terms of bargaining structure)
are aligned.

6.4 Social Welfare

To conclude, we bring together the findings in this section so that to compare social welfare
across the two structures. We define social welfare (SW) as the aggregation of consumer
surplus (CS), producer surplus (PS) and the unions utility. Hence, social welfare in the
decentralized and in the centralized case are given respectively by SWP = €SP + PSP +
UP+UP and SWE = CSC+PSC+UC, where CSP = 5 (¢ +qP)*, CS€ = 3(qf +4)*
and PSP = 7rl-D + ]D , PS¢ = nic + 7tjc.26 The equilibrium levels of social welfare in these
structures are:
28(a — €)*(2,025y — 56e?)y

(405y — 28¢2)2
2(a — e)*(45y — )y

(18y —¢2)?

The following result can be established:

SwP =

24

SWE =

(25)

Proposition 7 Comparing a centralized union structure with a decentralized union structure,
we can establish the following: SWP > SWC.

The above proposition shows that a decentralized union structure attains higher levels of
welfare than a decentralized structure. Firms invest more in cleaner technologies with a
decentralized structure and also produce more. Hence, consumer surplus and profits are higher
with a decentralized structure. Pollution may also be lower with a decentralized structure for
relatively large market sizes. Even when decentralization yields more pollution, the effect
through (producer and consumer) surplus will compensate for the increased emissions. Thus,
a decentralized structure is preferable from the point of view of the welfare.

Before concluding this section, we wish to investigate the effect of the different market
failures which could arise in this context on the result in Proposition 7. Typically in oligopoly
model, underproduction will take place. In our context, market failures related to technology

26 We do not introduce the damage function in the social welfare in order to avoid double counting since it is
already part of the unions’ utility function.
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investments and pollution (externalities) could also arise in addition. To the purpose of this
analysis, we calculate the socially optimal level of output (ql.o and emission intensities kiO).
The objective function of the regulator (SW) is given by the aggregation of the two firms

2
profits (1), unions’ utility (2) and consumer surplus (CS = %(Z qi )2) which can be simplied
i=1
as:

2 2 2 2 ’
SW=P> qi—y > (1—k)* = ekig; +;(Z%‘)

i=1 i=1 i=1 i=1
The regulator chooses ¢; and k; to maximize social welfare, yielding:>’

kO:4y—ae_qO:2(a—e)y
! 4y —e2 71 4y — 2

As long as it is socially optimal to produce (that is, qio > 0),28 it is straightforward to
check that k¢ < kP < k and ¢? > qP > gF. Thus, both with centralization and with
decentralization, there is both underinvestment in cleaner technologies and underproduction.
However, the gap between the socially optimal and the equilibrium levels of technology
and output is smaller in the case of decentralization. Therefore, decentralization would be
preferred from the point of view of the regulator as it delivers outcomes closer to the social
optimum. Interestingly, both under centralization and decentralization, it is possible that
emissions are too high. The reason for this is that even though firms under-produce, they
also underinvest in cleaner technologies. This can render too much or too little pollution,
depending on which of the two effects dominates. Interestingly, for small market sizes,
the equilibrium level of emissions are too high compared to the social optimum, while the
opposite applies to relatively large market sizes. The following lemma summarizes this result:

Lemma 5 Both with decentralization and with centralization, firms underinvest (kl.O <
kiD < kl.c) and underproduce (qio > qiD > qic) relative to the social optimum. This may
result in socially excessive levels of pollution, particularly for relatively small a.

7 Extensions

In this section we present several extensions of our main model. In particular, we solve the
case of a centralized union with uniform wage and compare the equilibrium outcomes of
this case with the other two. Then, we present and discuss our benchmark with product
differentiation under both quantity (Cournot) and price competition (Bertrand).?’

7.1 Centralized Trade Union with Uniform Wage

In our benchmark model we assumed that the centralized union will set different wages to
each firm, this is the centralised-coordinated case (see also Manasakis and Petrakis 2009
and Haucap and Wey 2004). In this subsection we analyze the case where the centralized
union sets the same wage to both firms (that is, it will set a uniform wage). In this case,

27 Note that w; has disappeared as a variable because wages are a direct transfer from firms to unions, which
do not affect directly the level of social welfare.

28 We focus on 4y > 2 for positive output.

29 The detailed calculations are available from the authors upon request.
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the utility function of the union is UYN = w(L; + Lj) — e(y; + y;) where the superscript
U N indicates the centralization with uniform wage structure. The rest of the model remains
the same. As in the main sections of the paper, we assume a > e for positive outputs and
e? < 9y to guarantee an interior solution in the second stage across all the cases.>? Setting
w; = w; = w in (3), we obtain the solution to the third stage:

a—w
quN = LE]N = 73 (26)

In the second stage, the union chooses w to maximize UY" . The solution to this stage is

given by:
1
UN )
w —Z(Za—}—e E k,) 27

In the first stage, firms choose k; to maximize profits. The solution is given by:

T2y —
KUN = Jey —ae (28)
T2y — e?

And therefore the (rest of the) equilibrium outcomes of the centralized case with uniform
wage are given by:

qUN 12(a — e)y

i 72y — e?
yUN _ 12(a — e)(72y — ae)y 29)
' (72y — €?)?
_un _ (a—e’(14dy — Dy 30)
‘ (72y — €2)2
WUV — 36(a +e)y —ae? 31)
! T2y — e
864(a — €)?y?
vvN = —— 32
(712y — €2)? (32)
2(a — e)*(720y — &?
SWUN — (a—e) ( y —e’)y (33)
(T2y —e2)?

The comparison of the equilibrium results in this case (centralized union with a uniform
wage) with the previous two cases (decentralized union and centralized union with wage
discrimination) allows us to make several remarks:

(1) The equilibrium wage in this case is higher than in any of the two previous cases, while

the opposite applies to output (w?" > w€ > w? and qiD > qic > quN ).

(ii) The chosen technology is more polluting with a uniform wage than in any of the other
cases (kiD < kiC < kiUN).

(iii) Pollution may be lower with a centralized union setting a uniform wage than in any of
the other cases (yl.UN < min[yl.c , yl.D 1), but this requires relatively small market sizes.

(iv) Firms prefer a centralized union with a uniform wage than with wage discrimination,
although a decentralized union is preferred to both those cases (7 > 7UN > 7©).

(v) The centralized structure with a uniform wage is never the regime preferred by the

unions (UYN < max[UF, UPY).

30 The SOCs for maximisation are fulfilled in all the stages.
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(vi) From the point of view of welfare, a centralized union with a uniform wage delivers the
lowest levels of welfare (SWP > SWC > SWUN),

As the reader can see, wages are increasing and output (employment) decreasing in
the degree of centralization. Firms’ incentives to undertake environmental innovation are
monotonically decreasing in the degree of centralization, given that the resulting emission
intensities are the lowest with decentralization and the highest with a centralized structure
and a uniform wage. Firms anticipate that a more powerful structure will allow the unions
to capture a greater part of the rents derived from the investment in environmental technolo-
gies. As a consequence, firms are less interested in investing in environmental innovation.
This does not imply that emissions are necessarily higher in the case of centralization with
a uniform wage than in any of the other cases. In fact, given that output is at the lowest, it
is also possible that emissions are also at the lowest in this case despite the higher emission
intensities. Even though wages are higher in the case of the uniform wage, unions will not
always prefer this regime, as it may result in lower employment and even higher emissions.
All in all, we can state that social welfare is also monotonically decreasing in the degree of
centralization.?!

7.2 Differentiated Product

We extend our benchmark model by allowing differentiation. We will solve the model using
both quantity (Cournot) and price (Bertrand) competition. In both cases, the rest of the model
stays the same.

7.3 Quantity Competition

Firms face an (inverse) demand function such as p; = a — ¢; — bq; where the parameter
b € [0, 1] indicates how close substitutes the goods are. b = 1 corresponds to the case
where the good is homogenous, which has been solved in the main sections of the paper,
whereas b = 0 would correspond to the case where goods are independent (hence, firms are
monopolists of their own demand). We solve the case of the Cournot duopoly model with
product differentiation following the same steps as in the benchmark model. Firms’ profits
are given by ; = piqi — wiqi — y(1 — k). We impose a > e and e < (4— bz)zy to
guarantee respectively positive outputs and interior solutions in the technology choice stages
in both cases (centralization and decentralization). Then, the SOCs for maximization are
fulfilled in all stages. In the last stage firms choose output (employment) to maximize profits.
The solution to the third stage is common to both cases and is given by:

a2 —>b) —2w; +bw;

(34)

As before, output and employment are increasing in the own wage and decreasing in the
competitor’s wage. The effect of the competitor’s wage on the own output depends on b.
The closer the substitutes are (the higher b is), the fiercer the competition and therefore the
stronger the impact of the competitors’ wage on the own level of output. Moreover, in the

31 Given Lemma 5 and remarks (i) and (ii) here, it is straightforward to see that kio < kl.UN and qio > quN .

Thus, underproduction and underinvestment also take place in a centralised structure with uniform wage.
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symmetric equilibrium, we can establish that firms will produce less, the closer substitute
goods are.3

In the second stage, the unions (union) choose wages to maximize profits. The solutions
for the decentralized and centralized cases are respectively:

wiD _ a2 b)(4+]?_+b§6(4kl +bkj); wic _ %(a + ek) (35)

As can be seen from the above expressions, the wage imposed by the centralized union,
w[C, does not depend on the parameter of differentiation. The intuition is that the union can
internalize the effect of competition in the final market by discriminating firms in terms of
wages. Evaluating the derivative of wiD in symmetry, we can establish that b affects negatively
wages (dw iD /db < 0). That is, as competition intensifies, a decentralized union will set lower
wages to firms. In other words, the union has more incentives to set higher wages in cases
where firms face less competition so that to capture their rents.

Solving the first stage we find:

D_)/T—4a(8—b2)e' c_vZ-—ae

LT yT —4@8—b2)e2 1T yzZ—e?
where T = (4 — b)2(2 — b)(b +2)*(b +4) and Z = 2(2 — b)(2 + b)*.
It is tedious but straightforward to establish that firms invest more in cleaner technologies
when the union is organized in a decentralized manner than in a centralized manner (that
is, kiC — kiD > 0) for any b € (0, 1]. (If b = 0, that is the goods are independent, kiD =
kl.c ). Moreover, firms produce more in the decentralized case than in the centralized case

(36)

(q iD —q iC > (), irrespectively of how close substitutes goods are. In fact, qiD and qic can be
written as:

p_ 2a—ekP) o (a—ek) @
=@+ T 22+b)
Given that kiD < kic , we know that (a — ekiD ) > (a — ekic ), and it is easy to see
2(a—ekP a—ek€
that(zt(—b)(zirZ) > (2(2+é))
qiD = ql.c). Thus, the results we obtained in the main sections of the paper related to the
effect of the union structure on firms’ incentives to innovate and output (and employment)
do not depend on the differentiation between the goods (Except in the extreme case where
goods are completely independent, when the decentralized and centralized structure provide
the same outcomes). As a consequence, we argue that the rest of the comparisons presented
in Sect. 6 (which are directly or indirectly related to either k or g or both) do not qualitatively
depend on the degree of product differentiation.

for any b € (0, 1]. (If b = 0, that is if goods are independent,

7.4 Price Competition

In this subsection we consider the case of a Bertrand duopoly with product differentiation.
We start from the system of inverse demand functions presented in the previous section (p; =
a —q; —bgj), after inverting it, we obtain ¢; = %, which is the demand function
faced by each firm, where b measures how close substitutes goods are, with » € [0, 1). Firm

i’s profits are given by m; = pigi — wiq; — y (1 — ki)z. As before, we require a > e for

32 The intuition for this last statement can be easily understood if one thinks about the two extreme cases: If
goods are perfect substitutes (b = 1), it is as if firms are sharing one market while if goods are independent
(b = 0), it is as if firms were monopolists in two separate markets.
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N2 (132 . . .

% so that to find an interior solution
for the technology choices in both cases. Then, the SOCs for maximization are fulfilled in
all the stages. In the last stage, firms choose prices to maximize profits. The solution to the

last stage (which is common for centralization and decentralization) is:

positive output. We also require that ¢* <

a2 —b— b +2w; + bw;
Pic=piD= ( 41[,2 : ’ (38)
That is, firm’s equilibrium prices are increasing in the wages set by the unions (that is,
in firms’ marginal costs). From now on, the model is solved in the same way as in the main
sections of the paper. In the second stage, the unions (union) choose wages to maximize
utility. The solution to the second stage (equilibrium wages) for the decentralized and the
decentralized cases are:

b a(l =b)(b+2)(4 —b2b — 1) + (2 — bHe(—=2(2 — b2)k; + bk))
Wi 16 — 1702 + 4b*
e 1
w; = E(a + ek;) (39)

1

As before, wic does not depend on the degree of differentiation. Finally, in the first stage,
firms choose technologies to maximize profits. The solution to the last stage yields:

D ae(h> =2’ @ -9 +26H + N o ab’—e+ A
! e(2 —2)(8 =92 +2bH+ N = 1 (B2 —=2)er + A
where N = (b —2)2(1+b)2 +b)(2b% +b —4)2(b(2b—1) —4)y and A = 4(b —2)*(1 +

b)(2+Db)y . Itis tedious but straightforward to check that in this case, as well as in the Cournot
case, kiD < kl.c for any value of b. Then, the equilibrium outputs can be written as:

(40)

p @Q=b—b)a—-ekP) . (a — ekf)
! 2(4 — 5b2 + b%) (4 +2b —2b2)

(41)

Given that kic > kiD , we know that (a — ekiD ) > (a — ekic ). Moreover, it is easy to

(2—b—b?)
check that S S

quantity competition, we can state that qiD > qic, irrespectively of the degree of product
differentiation. Thus, we argue that the rest of the comparisons presented in Sect. 6 (which
are directly or indirectly related to either k or g or both) do not depend qualitatively on the
type of competition either.

> (4+2b1_2b2) , given that 0 < b < 1. Hence, as in the case of

8 Discussion and Conclusions

In this paper we have analyzed the effect of unionization structure on the incentives to
invest in environmental technologies by a duopoly. In our model, investing in environmental
technologies allows firms to reduce their emission intensities; that is, to make their production
cleaner. The main point of departure of our paper from the previous literature is that we have
assumed that unions are environmentally concerned. Despite substantial evidence of this type
of preferences, the literature so far has largely assumed that unions do not take into account
the environment when deciding upon wages and/or employment. In our model, we have
assumed that the utility function of the union includes pollution as an additional argument.
That is, unions do not only care about wages and employment but also about environmental
protection.
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We have considered two main types of unionization structures: Decentralized, where each
firm faces a separate union and centralized, where firms face an industry-wide union. Our
results indicate that the unions set higher wages the more polluting firms’ technologies are,
irrespectively of the type of unionization structure. Wages are higher in the centralized case.
As a consequence, output and therefore employment are lower in the centralized case. Our
findings also show that the centralized structure reduces firms’ incentives to invest in cleaner
technologies. However, a centralized union structure may lead to lower levels of pollution,
but this requires the market to be relatively small. For higher market sizes, the decentralized
structure leads to lower pollution than a centralized structure. All in all, social welfare is
lower with a centralized structure than with a decentralized structure.

Given our findings, we argue that if the regulator’s objective is to maximize welfare,
he/she should create the conditions for decentralized union structures, since according to our
findings, this structure delivers the highest levels of welfare. For example, by introducing
a labour market reform supporting bargaining at firm level (rather than at industry or even
higher level). However, one can envisage cases where the regulator may give more weight
to emissions in its objective function (for example, if the environmental problem is very
severe). In such cases, a centralized structure may be preferable, in particular, if the size of
the market is small, as in those circumnstances, a centralised structure may lead to lower
emissions levels than a decentralised structure.

We have also extended our benchmark model by allowing the centralized union to set a
uniform wage. Our results indicate that this structure provides the lowest incentives to invest
in environmental innovation. This allows us to state that the incentives to invest in environ-
mental technologies when unions care about the environment are monotonically decreasing
in the degree of union centralization. Finally, we have also allowed for differentiated goods
and different types of competition (price vs. quantity). Our main results regarding environ-
mental innovation incentives and output (employment) levels are robust to these modelling
modifications.

A word of caution is needed here. Our results have been derived in a rather streamlined
context. It would be interesting to consider the effect of unionization structure under more
general demand and technology conditions, or under different bargaining settings. For exam-
ple, we have assumed that unions have all power to choose wages while firms have all power
to choose output (and therefore employment). It would be interesting to consider the case
where firms and unions bargain over both wages and employment. Additionally, it would be
also interesting to study the interaction between environmental policy tools (emission taxes,
subsidies to innovation) and the presence of green unions. We leave these topics for future
research.

Appendix
Proofs

Proofs to Lemmata and Propositions in Sect. 4, 5 and 6

Proof of Lemma 1 1t follows immediately from the analysis of the first derivatives with
. owp e w} 2e
respect to k; and k; : 8kl,- =1 >0, ak_t,- =1 >0. ]
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90y (28e(e—2a)+405y)

0872057 Setting

D
Proof of Lemma 2 1t is straightforward to calculate that aai =

3y
z;yf; = 0 and solving with respect to a we calculate the a w The second order
VP —90y(56¢a))

da T (28¢2—405y)2

derivative is < 0. Hence y? reaches its maximum at a’)

82—
Proof of Proposition 1 1t is straightforward to check that (q’ = 90(56(356228:05;)25’/) L

and

dwP  _ 270(56ae—28¢2—405y)y dq”
L = 87405y 2 . Hence, the signs of o

(56ae — 28¢2 — 405y), which i 1s continuous in e. Recall that a > ¢ > 0. At e = 0, this term

D
is negative. Hence, initially — q’ < 0and ag)e’ > 0. The derivative of (56ae — 28¢* — 405y)
with respect to e is 56(a - e) which is positive. Thus, (56ae —28e% — 405y) may turn positive

(and therefore g

dgp 90y wP 270y _
e, e = m > Oandv = —m < 0. Sett1ng56ae—28€ —405)/ = 0,
we ﬁndeD = %(1441—[\/28512 — 405y ) (we candiscard the otherroot asitimpliese > a).

D

el is onlyareal rootlfa > 405/28 = 14.46. Thus, if a®> < 14.46, ; < 0 and ME" > 0.

respectlvely ase 1ncreases, w1th the turning point at ecv. O

Proof of Lemma 3 1t follows immediately from the analysis of the first derivatives with

duf dwP
respect to k; and k; : E;Zf = l—; > 0, % =0. o
t J

3% — 3v(—2ae+18y)
T (@-18y)?
_ 418y Th d derivati . az.V,'C — bye
= —3, - The second derivative is 75 = —r—jg
maximum at a2 o

Nej
Proof of Lemma 4 1t is easy to check that . Setting 83—; = 0, we find

D

C
o < 0. Hence, y;~ reaches a

a

Proof of Proposition 2 Calculating the derivatives of the equilibrium levels of output and

_ 3Qae—e*—18y)y w’ _9y(2aefe2718y)
(e 718)/)2 nd =~ = @ —15,)7 - Hence,
the signs of q’ — 18y), which is contmuous in
e. Recall that a > e > 0. At e = 0, this term is negative. Hence, 1mt1a11y %~ (and

Bwl
de

o C
that (2ae — e> — 18y) may potentially turn positive (and therefore ?é > 0 and 3:;;" < 0)
C C

aq 3y 9
for a sufficiently large e. In fact, ate = a, - = = = —m <0.
Setting (2ae — e? —18y) = 0, we find ew =a —+/a? — 18y (we can discard the other root
Bq,.D

as 1t1rnphese > a). Notethate L 18 onlyarealrootlfa > 18)/ Thus, if a® < 18y, 5 <0

and 88’ > 0. If a? >18y, dq’ an

to negative respectively as e 1ncreases, Wlth the turning point taking place at ecv. O
L . C _ D _ 3a—e)2e3-135y)y
Proof of Proposition 3 Tt is easy to check that g; 4" = a5 —18y) < 0 and
_ _2e2 .
wC — P = azaldSy=2e)y  ( given thata > e > 0,y > 0 and e < 9y. O

i i T (28¢2—405y)(e2—18y)
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Proof of Proposition 4 Tt is immediate to check that k& — kP = (99(a — e)ey)/((28¢* —
4057/)(@2 — 18y)) > Osincea > e > 0 and e < 9y. ]

Proof of Proposition 5 Note that y& — yP = (28e2—431é§;)€2)(};§—18y)2 where R = 56ae’ —

7,560ae3y +1,962¢*y+108,135aey?+29,160e%y2—984,150y3. Giventhata > e > 0,the
sign ofyic —yiD depends on the sign of R. Note thatata = 0, R = 1,962¢*y +29,160¢%y% —
984,150y < 0 for e> < 9y. Moreover, 28 = 56¢5 — 7,560¢%y + 108,135¢y% > 0 for
¢ < 9y.Thus, R may change sign as a increases. Setting R = 0 and solving fora, we geta =
35y A/eB where A = (501.6y2 — ¢?(e? + 14.86y)) and B = (e%(e> — 135y) +1,930.9y%)
where both A > 0 and B > 0 for ¢* < 9y. Allin all, R < 0ifa < 35y A/eB and positive
ifa > 35y A/eB. Therefore, in < yiD fora <35y A/eB and yic > yiD fora > 35y A/eB.
At35yA/eB,y¢ =yP. a]

_27(a—e)?*y?(244e*—6,573e?y +42,525y2) -
(28¢2—4057)2(2—18y)2 - Given

thata > e,y > 0 and €2 < 9y, the sign of 7€ — 7P depends on the sign of (244¢* —
6,573(32)/ + 42,525]/2). Moreover, at e = 0, this term is positive. This term will be zero
if 2 = 16.14y or ¢* = 10.79y. Given that ¢ < 9y, we know (244e* — 6,573¢%y +
42,525)/2) > (. As a consequence, we can state that, 7€ — 7D <o.

2
Furthermore, Uic — Z UiD = (405]/_5;;22_);)(1;/_62)2 where ¥ = (33464 - 6,4807/62 +

18,225y2). Hence, the sign of Uic - UiD is determined by the sign of W. Ate =0, ¥ =
18,2252 > 0. Evaluating W for ¢* = 9y, we have —13,031y2 < 0. The derivative of ¥
with respect to e is e(13,36e? — 12,960y ) which is negative for any ¢ > 0 such that e < 9y.
Hence we know that W moves from positive to negative and will cross only once in the
interval e € (0, /9y). Setting ¥ = 0 if > = 3.41y. Thus, if e? < 3.41y, UF = > UP > 0
andif e? > 3.41y, US — > UP < 0. Ate? =341y, U = > UP =o0. u!
Proof of Proposition 7 Tt is straightforward to check that SWP — SWC = 2(a — ¢)?y¢
99y (140e*+909¢%y —18,225y3)
(405y —28¢2)2 (18y —e2)?2
SWE > 0. o

Proof of Lemma 5 Tt is straightforward to see that kP — k0 = msjgﬁ%

a>e>0and 4y — €?) > 0 (otherwise qio < 0). Hence, we also know that kl.c — kio >0

Proof of Proposition 6 Note that 1€ — 7P =

> 0 for any e such that ¢> < 9y. Hence, SWP —

where ¢ = —

> 0 since

since from proposition 4, we know that kl.c — kiD > 0. Hence, kl.c > kiD > kl.o. Likewise, it

-~ 2
is straightforward to see that qiD — qio = W

ql.c - in < 0 since from proposition 5, we know that qic —qiD < 0. Hence, qic < qiD < qio.

> 0. Hence, we also know that

As for emissions: y& — y¢ = mx where x = —59a¢* + 96ae’y +

62¢*y — 696aey® — 720¢>y? + 3,456y>. Hence, the sign of yic — yl.o depends on the
sign of x. The derivative of x with respect to a is e(—5¢* + 96e%y — 696y2) < 0 if
4y — ¢ > 0. Hence, x is decreasing in a. Recall that @ > e. At the limit (a = ¢), x =
62¢*y —720e?y? +3,456y3 > 0. Hence,  is positive in the begining and may turn negative

2(31e*y —360e2y2+1,728y7)

at a given value of a. Setting x = 0 and solving for a, we find: a = e (5e7 967y 1696, 7).

2(31e*y —360e%y2+1,728y3%) ¢ 0 . 2(31e*y—360e2y2+1,728y3) _ C 19}
fa < = G o6y vo00y0). Vi > i andifa > = eoey, Vi < Vi -If
_ 20le*y—360e*y2+1,728y%) . Cc _ .0
= T e 96Ty 16%6y2). Vi = Vi -
As for emissions: y? — y? = (a—c)y I where I' = —2,044ae’ +

(405y —28¢2)2(4y —e2)?
32,760ae’y + 21,361¢*y — 184,185aey? — 236,520y > 4 947,700y 3. Hence, the sign
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of yiD - yio depends on the sign of I'. The derivative of I' with respect to a is —2,044¢> +
32,76063)/ — 184,1856)/2 < 0if 4y — e2 > 0. Hence, T is decreasing in a. Recall
that ¢ > e. At the limit (@ = e), [ = (585y — 73¢2)(405y — 28e2)(4y — ¢2) > 0.
Hence, x is positive in the beginning and may turn negative at a given value of a. Set-
y(21,361¢*—236,520¢%y 4+947,700y2) .

3 04453276063y 1 184.185¢,2 - 1hus, if a <
y(21,361¢*—236,520¢2y +947,700y2) D _

2.044¢5 32,7603y + 184, 1852 * Vi

ting I' = 0 and solving for a, we find: a =

y(21,361¢*—236,520¢2y +947,700y2)
2,044¢5-32,760e3y+184,185¢y2

y.O fa—= y(21,361¢*—236,520e2y +947,700y%) D
i 2.044¢5—32,760¢3y +184, 1852 Vi

ficiently small a, the equilibrium emissions are larger than the socially optimal level of

emissions.

,yiD > yiO andifa >

= yl-o. Hence, in both regimes, for suf-

Proofs of Results in Sect. 7.1

9(a—e)ezy
(e2=T2y)(e>—18y)

Given that @ > ¢ > 0,y > 0 and e < 9y, it is immediate to see

and wiUN — wl.c =

Proof of remark (i) Note that ql.C — ql.UN =
27(a—e)e2y
(e2=72y)(e2—18y) "
that qic - quN > 0 and wl.UN - wic > (0. Moreover from Proposition 1, we know that
q¢ —qP <0and wf —wP > 0.t follows that g? > ¢ > gV and w? < w¢ < w¥Vo
Proof of remark (ii) Note that k”V — k€ = (54(a — e)ey)/((72y — €*)(18y — ¢?)). Given
thata > e,y > 0 and e < 9y, it is easy to see that kl.UN — kic > (. Moreover, we know
that k¢ > kP, it follows that kYN > k& > kP. a]

Proof of remark (iii) Note that y'V — y& = —3(a — e)yeY/((712y — e»)*(18y — %)?),
where T = (ae* — 90@3)/ —1,296(a — 2e)y2). Since a > e > 0 and y > 0, the sign of
yl.U N yic depends on the sign of Y (if Y is negative (positive), yiUN — yic > (<)0). Note that
ata = e, ¥ = > —90e3y +1,296ey? > 0 for 2 < 9. Moreover, %—Z =e*—1,296y% < 0
for e < 9y. Thus, Y may change sign as a increases. Setting T = 0 and solving for a,
18¢(5¢2—144y)y

we get a = —Looge s > 0 given that e> < 9y. Therefore, yiUN - yl.c < 0 for
18e(5¢%—144y)y UN _ . C 18¢(5¢%—144y)y
a < 12967 and y; y; > 0fora > T 12967

Onthe other hand, y/V —yP = —6(a—e)y F /((28¢* —405y)? (e —72y)?), where f =
(1,148ae°415,120ae?y —106,821¢*y —1,849,230aey?+2,391,120¢%y 2 +7,873,200y3).
Since a > ¢ > 0 and y > 0, the sign of yl.UN - yiD depends on the sign of f (if Y
is negative (positive), yiUN - yl.C > (<)0).). Ata = e, F = 1,148¢% — 91,701¢*y +
541,890¢%y% + 7,873,200y > 0 for e < 9y. Moreover, 3£ = 1,148¢> + 15,120¢%y —
1,849,230ey? < 0 for > < 9y. Thus, F may change sign as a increases. Setting / = 0
9(11,869¢*y —265,680¢%y 2 —874,800y3)

2e(574e*+7,560e2y —924,615y2)

UN _ .C 9(11,869¢*y —265,680¢%y2 —874,800y3) UN _ . C
Therefore, y; v <O0Ofora < 20(5740717.560¢%) ~924.615,2) and y; i >0

9(11,869¢*y —265,680¢%y2 —874,800y3)

and solving for a, we get a = > 0 given that ¢* < 9y.

fora > = 27 5607, —924.615, %)

The rest of the result follows. ]

. . . UN _ _C _ 2la—e)’y*(+36y)
Proof of remark (iv) It is immediate to see that & T = 2718yt 0
UN _ D _ _ 8l(a—e)®y?(180e>+22,231¢%y —226,800y2) . 5
and " = (@—72,)7 (2824057 2 < 0 given that e < 9y. Thus,
D UN C T ilaws UN _7;C _ 162(a—e)*e(5e*—144y)y : :

v > > . Likewise, U; U = @8y < 0. Hence, irrespective
of the relative ranking between U € and UP, we know that UiUN < max[U€,UP] O
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Table 1 Equilibrium results

e=d y=2) Small market (a = 6) Large market (a = 7)

Decentralized Centralized Decentralized Centralized

k 0.38 0.6 0.07 0.4
q 0.99 0.6 1.49 0.9
0.22 0.04 0.50 0.09
y 0.379 0.36 0.107 0.36
w 3.01 4.2 2.52 43
U 2.96 2.16 6.66 4.86

Table 2 Equilibrium results

(e =15,y =0.5) Smaller market (@ = 3.5) Larger market (a = 5)

e=1.5, Decentralized Centralized Decentralized Centralized
y =05

k 0.397 0.55 0.246 0.444

q 0.645 0.44 0.80 0.555

b4 0.23 0.09 0.367 0.154

y 0.256 0.246 0.199 0.246

w 1.564 2.16 1.58 2.33

U 1.248 1.185 1.95 1.851

Proof of remark (v) It is easy to see that SWE — SWUN = 162(a — e)2y2w where v =

2., 7,4 .
[myl_iggf)z%] > 0 for any e such that e < 9y. Hence, SW¢ — SWU¥ > 0. Given

that we know that SW2 > SWE, it follows that SWP > SWC€ > SWUN, o

Illustrations of Result in Proposition 5

In the main text, we have shown that emissions are higher under the decentralized structure
than in the centralized structure for low market sizes but the opposite applies to large market
sizes (see Proposition 5). This is a general result which we illustrate here with some numerical
examples. In the tables below, we present the equilibrium results for given e and y under a
relatively small and a relatively large market size. As the reader can see from the three tables,
when the market is relatively small, emissions are lower under a centralized structure than
under a decentralized structure, although the opposite applies when the market is relatively
large.33 See Tables 1, 2 and 3.

33 The parameter combinations e and y used in the tables meet the condition 2 <9y, to guarantee an interior
solution in the technology choice stage. The values of a used in the tables have been chosen to be just below
and just above the critical value identified in Proposition 5. Finally, note that U indicates aggregate utility in
the case of a decentralized union, so that it is comparable with the utility of a centralized union.
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Table 3 Equilibrium results

e=1y=03) Smaller market (a = 3) Larger market (a = 3.2)
Decentralized Centralized Decentralized Centralized
k 0.400 0.545 0.340 0.5
q 0.577 0.409 0.635 0.45
0.225 0.105 0.273 0.127
y 0.231 0.223 0.216 0.225
w 1.267 1.77 1.2 1.85
U 1 1.004 1.2 1.215
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